TI 











Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations l. Thesis and Dissertation Collection, all items 


2000-12-01 


A Survey and Engineering design of 
atmospheric diving suits 


Thornton, Michael Albert 


http://hdl.handle.net/10945/7802 


Downloaded from NPS Archive: Calhoun 


| Calhoun is the Naval Postgraduate School's public access digital repository for 
D U DLEY research materials and institutional publications created by the NPS community. 
3 Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 
KNOX appointed — and published — scholarly author. 


LIBRARY Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 


"d LL TIPPS Dr 
Trey 
Sieb te 

Ee 


زه لوه له ow. ee‏ 

DILE IJ DP‏ وو سا 

ab Sst pe ate مرن لا لپت‎ 

a bet Emit Mae tate! hiec tert i کس خي‎ 
: يسا‎ AAA oTe 1 

— et. Fey — PECORE N AE A ED 





NISI. e ERAS eb 

ادا Te‏ 7 سی tat‏ سا سا 

— weal kr ee es 0101٩٥ ود‎ ¢ , 
i ' a KANKU Q - mre 

Ad PPS اا سن‎ s. 

UTED NY" ^ 

لو ٢ ٢٢٢ A ka‏ شد و1 

٢‏ د و نیتم نیا 










ye inh d 
ILLI N) IT TT اپ‎ a 
Eo aja A nds A TIN ee 
UKA kL I boat jth WAN ADT 
ndah oh Wk kaa ERES T — I Lo 
Md kaba Laka ovat PU 
ايسا نره‎ 

















































































































o Pt? 
— * AS 
M re ñ 
N “+ Hy) وو‎ HY hi 
qm. وول‎ hk eS t rS — 
Pra —8 Ñ Du — سا‎ ` 3 E Ya IA 
h 3 8 : ot ee eT DI DEE TER tee ee j 
LIP TTL —8 deta ¢ 41 د‎ re 4 —— — ETA sa 
** Pr ui anaku موشن بو‎ 4 y EM 4 d M mang “an bt E MENDES" E — H 
— د‎ p - ti OTT AA ٠ —— با وابد ېز له يسو‎ — by Are eon mn LTR RUPEE " TOE E —— re — 
Si np سپ یو د خو مهه مو چا وميس خم د ابر‎ e الله‎ A زا لوو د اسو ال‎ Rpts pe tg ds le one MI IN E 7 —* bangi pa SEE eb: v o Lich Ka —— — d E سا‎ nonem —8 IN abah — 
ered, : e = E * — Je — Ç F AL Toe y a OD سا‎ ( m EI H 
Manege MEE Vor PH hanes a Re MO ES — a IRRE 2: 
"rm Ne Rit ota — مس‎ A SE H p سا‎ ٢ TIETE موي و"‎ e ub oe tat Dts MS Tae rna [he 49 
rd E — — o gê Bı eA IRL JEL TD — — EZ AA akh ka, PCM د یا‎ E Amr DOT AS 
ie S s ELE ine : Te, مین لل تي يسن‎ wir ٢ E پھر ب‎ ۳٣ bani NA LA NS LL NG MG | Pools ets br el at 
b i kira e dd dee E hr A DEN ME dede M E Cen lii LAN Mee hh 2 1 . ve $ 
— —— — — — دا‎ uo ree: O AAA pd D Ti pelle. 
men SL eRe ee ORI rer eT O IE h : 
j 2 3 0 L HN 

Pe terre ee res Tat tt سب‎ dd ٨ 





L 











222 دل سی‎ ٣ — Uy —— CLA ٢ 
پس‎ — AS 
— —— ېن بس‎ y سپ لم سو و با‎ ECAN 


[7] LIN سه‎ ek! BLY 
د مسل نا لا‎ ۷ 
N TOMUS HELENA 


٢٧‏ سا 
LL IMMO‏ 
"ae UE seated ibd hotter) te Td‏ 

4 








TREE SE a utaceae 
A ii 
e ga a aaa ERANT 


pinra لو‎ og apang 
د مسب سیا‎ ٣ IPM 
































































N u (7 0 
الوا‎ PEE IDEE EI ملد‎ 
۸ LI 
TEL : RI ms LAIT Ia orate 
: E 
HECHOS e A ناب خد هيا‎ a XE we اسو لس د‎ MIA بس‎ — DANTE — — زي‎ Wan Nee wind 
i ebd PT 73 نن هک‎ ren TTD . | = H 
نر اا‎ A TO hit AH P aceite oce td ra ue BH NH reed ELL) eves 4 —— ا‎ 
91099 4 44% له‎ ٢ TS Ty ea que y o Photos "Tn HT i . 
—— 2— A e AA a پل‎ : LIS N KIP یو "ووهه‎ u, TI e rn š 
" ol ls 1 * r, bn A H له را‎ y IX NL LIT TY ` ار نا حر سوه ره سیا‎ 
ñ سیا‎ ٣ "٢ whee Pete ٩ LLLI a KI t Apan M ° . 
Pa data ma o "با وړ‎ A ——— 8 EL ER e ELE شا‎ d KAIN TT Seconde an 
Sache i a مسل لټ سه‎ — es 
rrok, kekah nt da de 
A ې سی‎ J 








ates Ties D TT Te Tes 
AS bL biel Leh al oot Lae) tied decimo Mr? "4ھ‎ 


LEST Tree rer 
A AA ae een 


dangkal akan naban kaka tala hoe eh ee dd te be ade ea 





et‏ سه ملا 
y‏ $ رو پا 
Du tell) ero ML —28‏ 
ah ba NAMA TIN 4‏ 

٢‏ هټن 







































































LIT 
ECT tet Her 
bL LT سیه‎ ELS 
TEELT و‎ 0 [ETE لور را‎ DHE 
پل را اول د ما‎ a او يراوا‎ Hak bin dika kaa AR kaba bah wart TT ey) e 
Se eel MOD toe taht ee الاما سو مه رانا : اب واتار بل پر شم لکوم دوم مرن ې‎ 
y P um ده سا پد‎ PTME : a rs z ` fateh Rh Stade! ۰ "a eae 5 " A M oon 
at Mes الال لر وب لن‎ — i HA EAM Sce aH N لیا‎ PI A tên hitung b 
- lr ی‎ ch —— rer ep سنوي‎ i RP RR. HC" Pelis Te x PR Dr ۳ AE 
هه کي‎ — a O RR زايا شا دام وهو و دس د‎ LETTER DS nnn meinen — He U e ET AR pr ee — 8 Pe Sip atta REE 
I p r opus E . ې نیا کپ که پوه‎ Q L L. H — — td dio iade Lor LE TM سیه وواد لا فا هد سیا‎ A : tah tt 
0 — hu PITE 4 ٢ي پس‎ ELM سا‎ ale oh A که اې = لبو مهد‎ oL STE rek را وچ‎ T E Pigh : E Fr pam ES kakak نه‎ taped Loan A OND H 
e mar aae Aa — — Peete ea att an ir AA ول ادو‎ T Serie i i ير هشن ته‎ BILL DP — — sine DEGH iha fé —— eA NTI Pita Led) 
L chase han perpe طلست‎ iuo de Et. LI tee A e Pita ند‎ d ais — J "VE G اي یې‎ y pew Hd 
7 0 . A 2 ttl at eet ` . = 
—— rd LI Me r را‎ $ —— — JR. —— په‎ —— — Ee pan ees Bre ونو په ديت ۷ و0۱۰‎ aș Ter) 
وه لهس لس هسپ یي‎ da دنه‎ Da LETTER IT TTV T aa Ban ones را‎ "TUM Eb MALI CLIP P APP. JT Ro 
—— temi A IA P يل وين لاوسد اس‎ E ENET TIE "Hn Se eiit ACE E AURORA 
pad ee AE — total talk TS PERPE parece و‎ AA ED 
o D کی صن هکم لک‎ NEN و‎ TT 
| 





O A 
SS AO 


A کرو‎ LI) e ecl ٢ 
Cd Aaron L L کر وه و سل‎ uw a Labbe hl pad SLs te ee ie Gate M Kaps 


A me‏ سا 
w A AO = li‏ رنه q ndewe BALA C oe att LA Aah nat gl "Wav Tegan ik‏ 
des Lael hited det Ba et tae htt Lt EMT‏ ——— لیت چب s‏ 





ITEP TEH 
AS 








à لسا بات‎ 
bx Lo belie beat ne ad واد‎ 
مل نبا‎ ٣٢ : 
Pe Pee eet titer 








به 
xix‏ 
kh ba Andhaka bakah a ANG, WPA‏ 


“EGS TS 
يه‎ LUT O 











م۰ ليو سيین 

































































Lis lu) 





سا 
PRET‏ — 
RTT t Br‏ 
u 7 : Ila D‏ 
لمال ا د a‏ اسر 2 inne > a‏ 2 
Al IPP DIRT MILENA‏ 
Alt ttt Pee 3 Ht Thy COP Sms pen, UL ——‏ پس y kerja ii eid bees — iz‏ 
w Tn It PR‏ ود DITE: — A E‏ سل riada ted na Toe sa eic rd ci ٢‏ — 
tht d TNT j kab tarot ARO PRA‏ ۷ل پا H hd pre TESI n ` ML LII ian‏ په یا wer š m BLEI TO —— — N. d nen ho vo‏ 
KE a amba e "a nage A O eb]‏ پا t‏ یت برد ي Petit rie Mte 1 — Jai ele lp eo cabinet D HIRED‏ 
jg : ete RS i‏ په ٢ N : " ERES x un e‏ رر سه د سن De ababaka a A a ٢ .. aaa E N) i tt. ter ee‏ 
La ' LP TRE TE IEA A IA Y A Ë ٩ : EI‏ —— . سل تلم رس = hog pr‏ 
dukha aan Keh NG o‏ صن AR SS Oku Slo ru = 7 AT bhi x‏ کنبا دیس E‏ —— — — 
٢ ٢ Kl de oll E‏ رپ سیا ٣‏ نمو ده پا A‏ و و1٢‏ سل ge MW I PP rini PE‏ : کک ie an SR ho cbs tenes hy O‏ — 
M e + d AT et ee * ۰ ab > $ A ee LIMITI" H‏ دا ah U " E A apri Me‏ —— شه ليا 
Beg bes kadah eed d deis ok eh ce EE TM MCA aM L TUER TUI eee eT Tee eT Thy Te‏ — — مب حم سوه سير ښيو د په a‏ 
ITS Ze vs":‏ وس سپ ?4 Ae‏ نو مه ,6% - A alme id arde dri iti t‏ 


Lae eT yy i 
EN AN te ana ne u oa ina o RETE EI 


Ut V n»n 
celebs aos P ah D a tie one one tie aja OE rp gea itin 


Mid ILE ABA LATI TAH 





ا 
Lob LLL OOTY‏ 





id dh ELO zu. 









tor hn le LE 








۰ A" 
E Libba dle OTT} * 
ih itn SUM 

b Seb ee نز‎ an 






























































- ¥2 TOT 
i HELP yo Ae j 
> ANG š ALOT 
eT tie o AO IT ripe rat, ris 1 d ; — wa N ۷ 
رل ور د ييا‎ ۳٢٣٢ و سی سو‎ FT ara CLD N يهر‎ TI RETTET FR "eee wie) A — ې‎ Rte ae 
— —— — — دېک همي سل‎ r ER TE ana غو‎ uo سه"‎ dor sas Ae Venen a ey Nin 8 اس سن‎ 
وج‎ idee à 3 ed Cl be ba baba seat ta spend Jr adii ei. ASAS tbe dla LN DINI em. Te UPPER GS £ M . 
LET eek d retra eter soi SR w7. itm A TE os re an —— داید‎ — „in. el 1 F im ni لل‎ LT, -- son? دنه سم‎ 
> in د و اټ وس امو عیب به الښه 1 مه وچ — — مه رس سو نن — سو سنا‎ 4 gagi و‎ BE LT TEEN P وم‎ Ar ا‎ num — ee ues H — 7 2 M tM KAG Lu DTP ٣٢٣٧ s eN N er 
= z H x cre E A eee atai نلم نه‎ ey Sp m. wt tul) Mito 1 IN Pi as K a at. Sa y UIT بولسا‎ TIPE E PAI PA TOG 
صن‎ ٠ سيا‎ dd — n M^ La ur iei pc S 5 * qu XI PIT eden AUS “ren 2 ve 
اند مه رهس مو می د‎ Mte Ld sere Kane n es ee erzr ps ریسا‎ — — Et bas, MILES Wila TET LAESA سم با‎ 4 
Te «c — سيا‎ — — re bti ce LL teni d HR a DEPRECOR LEO ern - AEETI > 
: x — — باي‎ e — — bah ah ih Ba ka haha KAT ATIN | abad KAM ٢٢ ov DD TFT ——— کم و سا‎ e 
^ * = B > š [ o PEL ` 

— — PVA t id حا دا‎ 








DITE 





سلا 





. AN 
Tatan =>, : 1^* ae 1 sayasa ALERT TEN | 

1 5 PEST EI — > d 

روه دا ` 

P B D 7 LTT " . 

w ¿L hte Niet dee sr a Ns ANA rd e ¿y 

i کن مسین سق‎ Se ^. mt 












٢٣ Pe HM‏ د 
بل ول زا نه iet bd Lea Satay TT OTR‏ وه مح * چو لس 
سم A attr Trent etre‏ پر MIID LL liked‏ 

په ro : . > L12773 where ah VY PINS Powe arb! TA‏ وس 

LATT ETS `. —— —— *—* phe BUS DASS IIA :‏ ند بش ال سلوا لا 

P * Un ٨ re je . BITS ee tre Lay BITE en O Ca SP EM = x 

pet o Ro AAA‏ سن tae‏ — — *— .وه — — — هه 

€ pant rede مس پا لل د‎ A et ee 








LEM TOUS: 
zu ` YT mp 
E 

AL ah a 

bel bet موه‎ A tee LAA Ka NTT, 

A ere alaka 





















































































2 ينا‎ ٢ 
LE LITT Pede EIS er Haag 
= ېپ‎ DO IS AS Siri vue 
Date ee — په و 7۵۰77د به ان که‎ Mal rm GHETTO ; yes EA EON pe 
ove Tosi: سا دون سر لاف هب‎ ee اا ها لیت‎ E ne (ږ زیر سا ها‎ : kin eL BLA he! ka ALL IE ign 
2 A nu. Lir PL Pre. — bie eh RTE ETS | 4 kd WARA ah b babatan نیا پو و‎ ETF Me A naba a GE TAN a 
eat کس مسا‎ bar ه٣‎ a — — — ine — re *-* pue — یق‎ d her te —* . LL — رشا‎ — — AHERN REO * ae 0 e Mese ې د وړ‎ Art rg ne —— Nia ولس‎ 
: " : ٩ 7 e bob catia ti eet ER ee لب‎ ۸ zn aka sa Na WL th * z — — ried ated IN » 415 hear Tod ETD 
ووو‎ he tee Lis ON io d 9 bagai bank aaa اسم‎ ۷٧ a Sag AEn gia aas A ree lE d 44 AAA e Poe Irae ir: ciae — 
له‎ 4 ٩ وس لضفا لول سسسضا‎ A 1 ga W Pd M k qK bidet Lilt. rr TIS OTT : : Vers er ia "یب دیا‎ PO یو‎ ١٣ " 5 o dra هم‎ ann a 
ia id thatthe ke hen ea A TTD AA hs M موه‎ dee a 6٧. ور“ چڪ‎ ٠۳٠ y! ب‎ 2 : n 5 — هووا‎ ta HU LE ESPA ah tao Ue rer terere : 
eN rint — دی رتا‎ : — Selmer a wy. ENDE erden 22.8) da May O e 2 Mave. ده سب ۰ یمو‎ EL E > ° خو و اس‎ ee nul" ar ds 
: AAA Mah MEL] 5 مې‎ = A AN A E pers HILFT N افیف په‎ jd Vl A Ver Ibun karaban ALUN و‎ A ad 
wag pap Kaq مرلو وسم ابا بو‎ E Paran ed Ce a RN dios ed HE LEON TIRES = ; لیت ا‎ EHE ME rie Neo pe d PLE LE hd a plu a 
Ó e : tar da AA A = سیا‎ £ =: < A IA pe LLL LT. bojo ee 4 —— k. A ad ange مسا‎ ٢ 
و نه نه و سا‎ a = سم‎ =é m M tal a va . LP et وو لوان‎ kh bd MILLE بو‎ a ce a HocLIE T assy» TO y — evt. 4s AS LEN PPP m * 1an Ld 
e AP E eget kg aa pad Se La شو ميا ميا‎ r — s e e ES RS RAT سوه ريب سوا‎ — — a — ON 4 es هده‎ Sere d Pe مس رل بو‎ —8 APA Tua ersten 
I» 2 ru twi = Á z: =; == = = . A T "T LL 1 ll ` — ° b of? ATT — [1 => T 
هرموه رس پخ د وروس کې تت‎ asss APS — — سا اوو‎ — * ET a u eben er andy nun . T dha Ah APP regt S 
io re Ropers gab ei eret oan ei * abahan — rero nggak pana ceti Lh ait hn ee ott Te Paty. Tey apta MEL ELLOS سو اس با له دود‎ A E t 15 0 0e H 
Orr سک سا‎ ki tU ايب‎ eg Bee ERA AA ag CSS Mia AS TI AI ee BOT ed mes NA INI A سا‎ T اب اسا لا‎ ۹۷۴١٠ , EN 
— — — e asa وم‎ daran هم د‎ LLLI I سم ای‎ 
dei فا — لیوس‎ hake ah ee es khan aa Naqa MH a 
: "سن‎ * sr 7 اښ‎ a 
—— tn TS يوب ېني سا پس‎ on arta do 






i tet a — 
al fee O6 T 


*5 "١ وسعحوس دپږه اه‎ 
Mél EI ILL د‎ 


یس سا 





Mur سی‎ "Foner 





+ 





A Ladi 
A a A pot 
Al chen et ated alka hae N 





ده 
Tn‏ 
hl ek es ete Sees‏ 





EM cag? ee 












PA bh L pa tha لی‎ 





naba r 
نت‎ atetea PE 
AS ATA 

A AA 

Wa. ah e 


















































٩ ^ DORA het dar oe, 
rt! e e PEN لي‎ ٢ اه‎ 
LTE boram Tua — 
A TI debe A e REN — 
راب ایم پل ټون‎ suska 5 —* ee Ty مهف‎ Du 
hen diese LEE cir eb د‎ bd p سب مه سل‎ 4 VE T T on ete —n Ld blandit o 
PAS SEREI TITTET ۴ — taqa = dii — PAN سر سا‎ Dre: ا‎ aeter —— A 
ehe A A پس نو و‎ eee * — اود‎ Ji دال من‎ do مال سک‎ 80 Beep bbc as n Rp ES ها‎ bene ey atom. 
ard aaie a aa a E eee re ah iri aR او پوس شب نه اف‎ CO لل راکاد‎ ee — — وہ گے‎ CA Pa ——— به — — رشم‎ laha Ar thri ١۴ خو یوي اا‎ 
a eae rath Alan ak lot AT eh Lk ek eo ie GERT ی ایا ی ا ی ن‎ — — RE — ee — اروب سه‎ 10 * MAYU اه‎ Pratt hese DTT) FOP weit, TL PR yal مو‎ 1 — TEN O AAA IO 
thee elie ashi ينب‎ laa a q 1 مسب‎ a لر‎ ata UI ani که‎ BEN KN — ° 0" Cons — o bs LAC a pt و‎ 7 Ing Linde BR LN Tm LEAN PEN — da) AI e e Pare din 2 de a 
——— چ‎ IR e E — —— E nabi د سا سل‎ E T TEE FOR AN ⁄ A AS a PS re ne Peed en FIT De Re Pech LEA 
— — i موس‎ L... سی وباد‎ LH — — — — — ES —— i Lae Toe ee Te LTP SIA aM A Eh —— EST TI M" — Mido kk an —B oak HU en T پو‎ nt ueris 
ا ی‎ er r al — pide — — ——— be و روس ووه‎ PR GI Ce eer ys rr : LER زو چو وف لم سف بس‎ we پس و‎ sw, 
LTE A eee — — 273 سم با‎ ARN i Bis ka موه يټ بل فص ملس‎ 12 E A LIP PONE. Aa > AI redi ALIM ee, 
— — ا‎ e aia Le اا‎ Pati a a a aa ta ar Te eT 9 ELLE نن‎ 2۶9 E, ېا‎ EN udis ILLE SLT RN 
— —“ = gene — TT A ARA re rn ra EM SRM Ld LEM اا و‎ LIEN 
ne * ‘el - : - < Ë = , O 
7 Pegak e O obi A En rd A Zhu بل يب‎ ie ييار‎ asas 
A O CCC US : 
— ms 
— ee 





edd کن‎ akah ۱-7 


LS íÓ— 
* 


89 ry Neb ajo 
. 
A A Y 





JAM LECT. 
MALI 4 a) 


u LA 





2 ¿1 
e e ss Jà s Sew theadt ny ips 
ee 





hod Teeter‏ پخ سا 





A Ll 







Lae ty Per en 
Tann SAT 










































































































































































































































































































































Q 4 H ar en a I 
j m 5 وچ‎ as EDIT de 
— CUBE pea MEE ENIRO MENTRE ETE 
= : 3 irte M 
Pk enr DOGS E Pte A شي يله هنرس له ونت يکوين ول سور ننس‎ NIRE HT حر ښوا دا‎ 
EL ad ... š لو و‎ E E DA z k. E id ds a ان سل ده‎ MUT TS bL kh tds * D ERU 
te ک وود‎ ٣ سر سا‎ On Ts A AA Ser > O oor hey * a پس‎ ee ae PTT ree ii cn ir ا ا‎ LES Pa y 0 a ar Q 
|| ` eL az . IIIS ٩ - E - hn د‎ I 7 Ú i ۳ M Drea thet Le es E * 
T L La ipe: ain Sat: بو سم سک‎ "e Y 9o ORC a “ia ed — : سي‎ adha, Pm» S DUE EO او اخ لر سپ‎ — NA S وې و‎ PL cate ean Ween semen hana ee bid En 
i — PS LO LL yah «e mer ae Cet — —— — — پا‎ b"e: m Loren fn O Pa rt! I ue SAD mre s P 4 Pj 
Hut ti pey (RAP موا سه پر اق‎ rap tlds ede ER M t UNG NAN a PM DEPO HEP Ih LL In ent سوا نټ ې : یحم دب سو لا تيت‎ A PES LLL er ere E SLIT IN DE i 
- Fr A e DR TRI AA a چا چا‎ eg Rea ٩ — apr “e > سف پا‎ PA I "ur URES ۳ sç M LSO e is نچو‎ d LNT ES PT a POL RS ^to نه‎ 
is See د ومو دوه‎ NOL a Ea — = دبا‎ * oi kaiq vo EL JE PE 4 at rt مه‎ EN - AN er: s pu با‎ ar لس‎ oue RS dur Li —— e maya” — Un RT = LI 
vili m = — ARA AN id eee nu == — و وڅ‎ — Nro سه ۷ لد ولس کل‎ = or سا‎ AS o Ribes AE DELLI es د ال اف‎ TE E Pipl ارو د لل اا‎ eas: يه ۷ سر يه‎ FD 
rie و موو دو وات واو د — — سيلو‎ Kann tel ee N + — او‎ san mI * me m و هش را‎ ve € PM As A) e ec pre سا‎ E bibs J پک‎ — — "u ALL tae Tee O errr rent Fre Mey kd 7 Sue kaq TT d su Š : MIPIM I | Mahan T 
— oss ———— gi P r aia Ad TOTTI IA —— phan LL La a a E ok bagi a UI Ng Ag Nir a — TY IE ECOL ALL LIPPE Eis Hs 2 DITE M ? d. bdo remp ur eer 
— په سا‎ ee =" o EPO aa ann سم‎ ic Ici JE CUR NTT TS ee aid P Gul E. CL Pr pap aiite 2 LS TT YT LETT MSS: ول‎ n — A de NIMM LLLI zh ah id vot kt . LA 
— A ANA ed tese er — AS A pdt jana ابو ې‎ Ka IA DA TNI AT er ui erbe ep — * د‎ De Pm in Pew 1 — we nee رپس کل‎ ze, 
4 ks وول‎ To ” NARA ZEE :« EA و ده‎ n capu Eae e 4 —— K dc, TASA ITI = Sch مهوا راي لوس‎ " ۲٢ p= 
m په‎ E ih وح کله د‎ ` A En LES z M sawa Pah ING nt هه‎ pool 2. e aes d L ak I yd an MA FH Pe 5 ".و سیا‎ EDD I 
fi n - وې‎ sib ab Lis sa SING TAH alatna ES E » =F) - i TET IT AJ LII D ه٢‎ E 1 اس ودس‎ : ei A n 
N he eh و که هده‎ v A * * = E 7 u 3 ور سی نیا‎ er oe A کرد‎ ٢ سنا‎ >» ja L aa po y A LU TI r 5 e Yo» 2 R va *V te Nes Se re Pe S LM / همو ميا 7 > 7 که‎ nk 2, 
— e E TOT rhe: Mu NUT E aa z A e “6 ا ا ا‎ Papert iy AR Za و ملا‎ — — TH e oH — — dl LT Med bad Te tite ey wet een : Mat LL od CST Poste aa AA da وه ووه رجه‎ at EREN — titer 
ar nin P RAM e t CAOS 1.5 NC —R آآه ۰ہ‎ ce — ido idein سی‎ ar Y E bL ^ x MA A AN A AA Hide ert T re L mom دسا ها ې —— — ادا‎ Tl 
— — — tea Ta nun, nv. ———— — i N pa = Zu — Cowi ۰ —** kalah. abah ah) سي‎ «¿e ton LII ^ س سا‎ 7 TEM be BR waren x — — =e s wre s " SAT Dt PH — — ^j 
ar 4 — — A 3 Oe لاه نویا‎ - had —— A) Asi he 5 E. * - a Mar BL h m > : : y — rore 
دی به‎ LU ape Aree T Pp ` : > 5 TORN A $ pia Leon kdah akah ALM) *^**a Ln s ** SIT Tr A "a "eda PS ۵ M زو سی‎ M "CM F i د سه ډرو‎ 
A pd P E 7 » an tn H = Sg h 4 X t T = ki Lat tt i 
ی‎ tekan padhakake aaa gah dhahang ber OS aa ———— 1. چ‎ OND LLU EE S IT A or TIN — اا لو‎ ۱ r an ersten gen 
ps che کي‎ ee — ee ee A د سه‎ RTL. داسف‎ LO LY Shar — A SE A X LIO ٧ i32 Dery Sy Yo Tere pee ws : پا‎ 
^ ico للب‎ — ns — — TINI — Fan bc — — Ei — — zn Br. adhi Lap Mapa d adhah aba a iiL SOLE IA PS — 5 pad 2 bana kaa aka ٠ x 
e eiue p cp s meet A MI ES PG xen E سور سه ره د اا یي لاس بس مد‎ e بپ لادچ‎ —33 — — bb hea os er Te 
— » musa cdi زو‎ Na Ka ENG ws (ioc bte a — rar و يیو سي ده کس با‎ a ." —— * — gi “on rr IRA © or چغ‎ 
odis * Š b Ë - "DOW reU ee qM — — — = » h : : S 7 FR : 
— — Fe wi L E ee په‎ Fl bag — NOH ey — = — — y» ua سل‎ ٢ omary 5p z 8 3 » J —— — Many. 4422 روژ‎ ٥ S. “ts ohm meee 
ا ا و‎ A سب لمسب سف ول‎ — — — d هس وسوا‎ LT Le a meen =. "Wr A "0 pa دې‎ a a" eae rn he ٩ LT S — — سر‎ OTO Du" Te dd el 
ههب سار وا دي‎ nah de IR A ts — A hs ss hr eee چو و«‎ : o. Fo E. vie سي‎ om E ROI TINE ` vae و‎ OD aede dL Chae —— ow 
d E ER — ملس ه7۶۸٨ ان سر موا ما‎ - L EL? d EE — s — pie = “ep r tego" AL ka baa dde A pe E e A AAA 
ee تي‎ e Ret هس‎ — LU PEE RETE. Tn u a en e| ^ ^ له ورو دود‎ SO a A ړدهه‎ oo B A iia ېههی‎ ey ban b aria ac يميس‎ : E Ei تک‎ Py 
" " ۹ "a his د نس‎ p ` i 2 = ٨ . m Li Li پچ‎ Io te, 7 
سوه شب نس‎ D Mie Gatlin Aaa Atal akak i gaa peep S y ES HIMEN EIS EIE ° — ¿ea E LUPIS nl وود‎ R Mi LL ee TLD سه‎ ih Idea dene iind MU tipbed Lg PN el ٢ 
لو مشه لد ال سیا‎ ٣٨ و و‎ pai a MER رحس ایسا سروب وسل‎ -— 4 SOS CM EA er : يخم‎ tee ار له‎ ais Bir LLL TINA — Neh d بب هزو هدو لر‎ 
— — m"... ee, ee rin, = 5 COT — " ARE - gie we. N . : p =: 4 ov HL LIP LES paha : rre dl ed پا‎ ah : 5 3 
"nba e pa « وه‎ - LAEE o SHET ETET TS `. i f LANE IM ory i LN > به‎ 7 » a EEE LPT dd سب پګ > دوو پد سه‎ ٢ ae Cs | ees 
— A E * pee سف‎ os sa — — — w a A A aa > ¿4 van y S Pa - A "* ات‎ toy Ewa te دوه‎ SL- 33 E Be EU EHI + orn ينا‎ ٢" اع‎ je eH O KU CT ea 
ATI M" N Ls AES eem — — > سر سه « ;` ډه‎ aka a u... "©4 لو سه‎ ل٣‎ AFA Pd يو‎ on! EC Pre. tn tl th Doer —R8 ۲٢ — = ——— هه‎ e TI TOTER PR 
ee to is = aa: PES * ۳ dill 9 ang ars د سو سه‎ TY eee She FR Es 1 n < دیا ا‎ ts DA 
— e Ç * ara 272 — o, L ALAN a = ° : - TT AO idee 
Dre e یسال ېلنم پس‎ po^ اسا‎ ute ares سه‎ ٥ لی و 06 ,کر‎ 2 e m DII a aun E kog nen abu hah Rp 
; +? P F a M ET w ` CENA ATA ۰ه‎ 4€ hic) 2n. a ٢٢ => 
ARA e... — vaj 4 — 4 — ds er gegen me » 4 — .. AS — لت ويل ندرا‎ ALON" — * Yet وس‎ 0۰ 
n PITT A O AT GONI SE A qk. 0 JM. SRC HP TES n a = ` "en B 
e a AIN td d Es * * EM - ` M ULIS -^ i Sh Dh kah. سال‎ M Hae BLOC AA jakat yadi "s Nu at —— here ER 
A ER ey rr ma ee de Q, > A po E E ee مي‎ < ANGIN I w... a سرب و‎ *` dara e سه‎ qu RS ro LE PN "n ni سا‎ hii LLL RM 
AS P 7 k کل وب هغ‎ T هم همس سی مسا‎ ۳٣ نیا‎ jg = 5 * ES 4 < 4 4 LAT دب‎ a سا‎ MEN kind A bh ALM IK) = 
a ee — مس اراس اه‎ bs xm Ei — pi `". : m - ۴ سا‎ ٢٢ M CELERE PE TARET " ey z SPs ae “as Pee pre tata S 
AN u کس هو ٢ل سیا‎ A tn = =e 5 پا اسا‎ ^ e SND CPC rang ' " " 
بس‎ es — SA ووو‎ —— — w e E " — K E “Beban, abrang 4 Posi buc É لین په طول نکد ساد وید سل‎ 
ال درو اې‎ na ee ee X- — ipie هه هس و‎ ^ TA jade ió — A A ANG S * ob: : A a d A eee 
rahi td š a maka aab ata EN A de € Scie ې لت هس ې الا سو‎ db EDT. پو 2 دم‎ 1 =. E 7 - a مس‎ LA ka lank baba LIT — TEA war 
— ABRIL uet a L s Ae : h " p ۳ ات :د ووو ا‎ ole ea eres ې‎ He سب‎ dee d HDD LIE oh tr ter 
A re. dateien A aO ne es dd . = 2 Ms gap * w= } E ind pe —— — del ty ere MOR nd di — 
IT nn سو‎ = ^ 3 E EM zw Lr rn. e le DI pakah ML AMI LT nn Kh IDE ^ iria re D EN M il ليم‎ 
A A Es "iui eA Ex e. “s... —— 3 a A 5 m Sat um k LI T ENYA ۷ Kas sa کل‎ Ye See mM PP چ‎ 
ee ee er Te A M —— a ېب‎ —— m IET اه وو‎ "ETATE Yor m مسا‎ O "UI i m H pipe 
> AAA نس - سا يو‎ : "ep i i idee d E ET een . ۷ LI] OM de ٨ 
= —— 2 rites — B an ron د سا سک‎ E RE * — — ER — ae — — —— EN NS JOE bene d. NET Cit SE y K ده‎ BETT TEE Hé au T i ابا ره نګ‎ e En — — 
db. E تو سوام ه سس‎ A رف صا پو ۍو‎ : E * rae —— es Pto 3 ALLIMIUP — A re r.. m lila ميه‎ O ار موس حا لن‎ Pres &™ ve O e dq Y = $ E RA] قیال‎ S 
Ee à EE TE he سا پس ټم نه خرس‎ EROS Le te BOD are —— € * 1 2 H AA] b A — Sen PIE A a : > LLLI YUN Mbh HL LITORA tine 
x” DAA —— — ——— ng rs sr mena ba: سو ماب اښ ال ې لل مس سا‎ ——— bei uL ute E 
د په‎ Wes cere a a ee ee — * — d Errant ied i an RA + E ^ IN ^ » ES CA وب‎ lem (= “Ae Rawana a P Ti اب خم هده د 7 ییا‎ a dere a 1 ا‎ A 
; ار — = د د په مهن له‎ y z پس ده لی‎ 5 `". ST) E apa sa xf NO . wees u SL rd aan ووو‎ io: N P L e 
J Io opio Des RA Mere pU OPER ne e A Puta an Pa "ab wa — v Fir — — 8 سم سه‎ c man ae AA v - لبد‎ ps ee, bie ah eee LAT 002 Z dye os rms EP TIL taut 
La WAN ; ۳ px -. ree x : d L = = d TI 
1 — ke OS ` سن‎ — — —* rp پل‎ TE 2. anes ` ASES c — — po » pa - بپ سب یا‎ ng — اچ‎ ded x لل امل سو‎ —— it — ee 
په‎ hy a AS AA - Cd as 1 3 Ego e — pL " - * L 402 ¿dar P diei. 171 " agr e » heta A D (07 
7 gari و دس‎ eg — Fen w وص پمپ‎ EP ON i 9 * ` " > .. we "er hie ead erty . : Mi Ré IE Hl LL ET re P = 4< 
7 PM M Ew ma o “s p'a" ې‎ : — — Š — ره ادپعوه وپو ههه‎ `. m | - اه‎ Vela ELT Papin 4 er A e dn à x — ههوو ها ده‎ T 
Ut hem سو‎ — — a — — سی‎ A et ` ` P .. E کت‎ ۳ PM DN — A a rand. 1 هاا‎ Te ied eat Late gg AT ài,-ae «94 8 و‎ 
FTA — — چا ات مسل اه سل‎ T » bos E - Mirzet e وه په ما ني‎ SN ae io = A : kadah ah MERA سا‎ ET ER s و‎ ° Sead Ea Tt^ LEE EE ies Peer ie i iE RE: 
i - r — کو وسک‎ A M EI er 4 Pa y TEA ad ۰ awe حم راد یا ده‎ Dor Y ee * IA ېچ‎ pe] T N : = kal 
وپاومونيی بو لححوکيحسح دی مه 8 — — دا‎ > ae 2 ملد‎ mu: " E r . "re vey ^ 00091: لس‎ TEN 3 ALAA —* 
* = š 2 És E 2 - 0d = zl LT ea“: a وة‎ s ots or DL ru E KN Tre e * halal a ool hk Ln Pee ` m E hd LI 
e ne RO" سب یا م٧۹ لل دوه چب‎ š 3 . ` < ie TIN 4 8 a dd os 7 ۷ y is nz Mitta. 
a s yd — M — S: 2 * — Ex LA t a الس سه‎ dT e — A په‎ La) pe Pt ae in re TED ee dji DIE. aS A sees Da LTT A A ETT | PP eet ېم‎ 
=) er = AA d ei i ML we — a ` - MH cile "Me m — pn و‎ H m — — DIA v int iad ET و پا دا مل لل‎ t 
a E ee Û n a a ap E es m san mot es tt 4 — A tn da mene TS — AAA eed hed hes خ‎ 
[o > ا“‎ fsa “o, S ee EE ^ ° — LTD ^ — 3 ee d ٠۰ ١ لا پل جیا ما اع سے ده‎ A edo. ا‎ AS kh NA E 
F s "m سوه د لن سي‎ a سا‎ a jo Wi «es = $ ^ = — r M 4 P E cos ta وه‎ LE PLE A, ۰ کر سا‎ Pa Sd ome m Onda NG, ag TEN OTT ON aa 
2 — — mia a Py. Ar = z ILS — ee d * ed PPN JE Tn , ly پل‎ a TREO — Manan pe NARA Na, و‎ 
2 8 8 B A xd = = EN š ` “5. " .. "TN — 4 اس سا‎ 4 ee * s J Ss 8 Y 7 2 e -» 
| — —— لر — بب‎ — E een ۰ —R ` — — SS A NAJ O A O هر‎ iere Te ٣٠ —* 
(e : - راو — و لد“ غ ووا‎ — à n — 4 . as ksi ree RR. " — روما * — ا‎ AA UN Rp dia] ¡e Mk h z LoT eed pits سا سوا‎ a وو‎ 
E > 5 es as - = F - ¢ a EN M : a Ë : m 8 z; ae L A ن‎ E 7s 
LIE e ه٢‎ bad d * CIO M ** — — "v. _ P = نب په‎ PS .... sa cof em. ` . ې‎ P بت په دل د لی سه‎ = ie rh کر ارس‎ O Sma — pat rect لی دال گ ۸ — اه د‎ 
" "` A * E - JL > ' 8 ^ E * 2 : i - A TES EN ټل یا‎ var Ha Lll سب‎ Q پد‎ : x 
رع‎ 4 = * x نه د‎ A "m qa q Te bu ?ts -- TN en p v o» E date sax T" = < * هم‎ ۴٠ Š - < کی یسر مس‎ P ats EE 
١ لاب لاس‎ ۷١ LE" a x "A š ° w w mm sm tar — — — * emi” ېل‎ š eJ ERAS A e O rice — a : WE ET 
P —— 5 > 2* اب‎ KA —— s P XU ext uo coq PER — ro une © e DEN ir: — A e A = BEL I bie ia: e a DIES IA a 
= e bi Devi Ried MEE EO E kad يه هه‎ angi nd A — 5 0 سه‎ - Ë a رېد له‎ “tj لس‎ ol سا نه‎ ee Te tl hi ea as A al CR TY mer 
OU meti xe ها د دږ دو‎ & a ay a Em : LH 54 AE. * بب‎ — — t ^ bres A. E k A- ` a A E EIS ES ee AL hr TEE Pr دا‎ nor ده غه‎ ER Ec x= le 9a e34. m HIM USD ane 2 > I 924 
L^ > TO A پا‎ “wR: en e — — i —— — + * «d = ae SpA ٢ A - a a. M | را دنا اه س"‎ ne — 2 ی‎ erp Pi NEN NEFS Bada Li japa سم یر سا‎ 
-U- d 2 innen FE Te EC — da * T hy ya 5 ` 2 —— <, < * — TAB AA re ah AN پا‎ ay erie es 8 
و‎ TM = .هه‎ 28 d . د سو‎ - ` w... .... Pan 3d ° - ٠ vo. ` e که‎ LI * & E —— ® a - ^ waah م‎ ۳ et سب جد‎ Pe pace: 
لدا هم‎ WB اص‎ A o E s M M epe — z e Saera te e Wa opao E, A ` LL E نن سلا وهن‎ ٢٢ epum za eo t a ya el JS A 2 ITEM — EN bb ane TIE 
سا‎ =s ARE لر‎ porta nar "E " po? ور دسا‎ v هد‎ * ¢ = a e w» ` w کس‎ I DL LE T n x ول ولا‎ MR وړي سوروعمه‎ . n T ۳ —S— vie des; Nee eh rans, pb. 
w > po em md Ta WA, ata is shel o) —— سم‎ re "T ٠. > و“ ج ى‎ > e “o هګ سا‎ 7 ° y سا‎ sapan Car) په ولل‎ MT "M PLN bua et ينف‎ —R هه‎ ea زور الم دون‎ — 
LN * ۷٧ 0٧ «rw <. - —RX E E = 4 H . - E ۹ si? . 2 7 > o * * M - n 8 
I — — à A3* A aea que. APPS د سه‎ 7 e mars ٢ * » » . e e sili NE N پوه‎ ae he on *% me Se ert. 5 IT à h ١ 5 —— Anessa $ — 
2 ` > با‎ — u 5 - ES u. A om e EN ٩ . " " TU ose " 0 =p emp one ۳ ... ds o8 A AR EAN wu. eet) a NA ibat. LU IN A abhang bj š دوس‎ T نم د‎ aan ته مر پا‎ 0 
i=) H be ` wet AP wy Us — — PA ۸ N : " = ` — ee es “> Minen 0 E 7 a a A یه هخه په سرو‎ daas TOME; m LT AN o Pd, it wea neste bet een 
y c alah hena ی‎ ce I د‎ ibd x a — .- "M : D eem '" ^ v» Qoo A . arena Ae : دنا‎ E rfc dr Eur Perte (CM ** 3 uL En — 32 inris, “hq — لس‎ Ran EMIT 
a LLL Pm ال‎ he — EM b ^ n i ` p en e^ o EE ce ib da D ee EE. dicebat A O w Se tahoe پوت‎ as Bad sans fons ton Sy epee ee w^ ^» 8 1 
: E 7 LITE mm N — E > a 5 ü E * *. “< e y 3 E n ٢ 08 mide 2 
8 = F ae — ie و‎ MM * = E nenne وه اه‎ ^ ` M TA RN EN UI لس‎ — PE a 4 — ES — — Hd EAE Ep cb ete > IIA uo! 
- marah = mer "s É ۰ E 5 E P ` £a p e vere 5 E d z | e w ÉS ap: E 
¢ Lg A SA ated 5 يپ وه‎ B B toe DET m TM "u. °" ee. n رر کو‎ ٣ LoT de s. > aye IM * لي اوه له‎ RA eer xU mee od یو = ښيو‎ sa نه‎ be ered - wh 
: E — سا‎ ae — . B - wa : 4 5 r . ده لھ‎ —* ^ 
MT ا‎ — xi > en ومو د‎ nre hasp ipa Da ". ` ra eee "RT " .. - T رولو سوا‎ ٣ و رلا‎ 4 * ds و‎ — E * prie: سیر‎ wor i N a — de 
j E š el 2 E 4 - NE E e ew Lem RR n" T. ۾ مو‎ PU WITING DIT Y a "e anng AR Brie Py —— Be RE ATT LEO. Met: —: nm nn جنه له رس‎ EET 
= A - . ال‎ ٧۰۰ سه‎ b CoP — ه ډوه هد‎ 2© 5 * ae. — O ION E AA > ^ h 
. ٧ x = 85 et LE B ` ` md > d ee 5 4 - رف‎ sme ln ty a رد‎ gt eet: M *" qat RE 
H = = . .. * ٩ E ٩ * سیا‎ T — mg un Y bees 
; Pepe EG A ۸ a S dh — T R a — STE ee Teton Me سف‎ TON dp yat akak an LK Kaba اسو‎ 
Ip E Meere ed > E - P Dis > —* kafe NA San : — 2. “td ng osram په ايبوخ‎ » banah ~~ h 7 
Meas wer Peed m LIE ` O پس‎ € 5 n w a . AL rl PA gi 1 ON POR rs rr kangh Kan a da —* J 
m «t v. E "€ " Tr amen 8 a tai - — A P F — A e mee Dra RNC — PRA aa سل‎ — x Coe res ne, — — 
ر‎ Y m — — an ٠ - > E u. ووو"‎ ai re EP ie biel ال سر اا‎ tiroq 23e 
— — E سببد د‎ Ë wa. له‎ » 5 ` ` =. - 7 . e 7 = 4 د‎ = =e `. š. pa M نک‎ tt — = eta ETT 
“ae pale >» ^. ei >» u. کا اا‎ Seay x HEELS es^ - 3 * - — a" “ 4 — 3 Ven rm ICD jan T Kee: zum — په دوم‎ o edad d PON 
٢ : nds هه ند ` رهه‎ S k: : . E د‎ era — CM AA : dd Hb k aD nL | Oo yi quet DER — لن سا زا همیس هت‎ ita 
fe = A, A MAENG - E ر‎ A a age R ۴ سیا‎ f ks ah sabak دد‎ T T وپ‎ ١١١ ۴ سم ناه‎ CP 
© y- — a — sg wi ae 5 NE . E »* $a nu e `. E v» 5 —* 7 PAN 5 o4 MD PEN i ` € — ed 
- " n c web ax 2 E ` ` ` N 3 = T ER : . ا‎ y (Use. E 
' -0۹ asf : w یه له ته پآ‎ Oh me "-— سم‎ fite ٩ Monts غو سا‎ 
-ap پد ماو‎ me * y ° w * 2 — - 3 GA OIE Bae Rew سه‎ 
Ú . * = Lad PUE > 5 BETT m < برد‎ ٨ * len illt 
E Q. O E بل ول چو‎ cee aie — — = * pars 8 MH me - Ee i " we — ped 6 : - hd Dye d. . — te 
- ھ‎ wen * ~ => 2 B ° hs ML. - ú 7 SP a as ٢ A ' O Teui d ka 
E s " -— - ” B * a .. nen " J Li سر رر دپ پس‎ . 34 
4 da LL UNE ES aeo ng] = le as H A 7 ` ` w- la. -. to. a — B 5* © sd T ۷ا‎ 1 trn A ما‎ bes Cei LIE ood 
= * = pa 5 — E e. 4 Do = 4 
5 په ۷ د هب ربا‎ ` À » x — + 0 5 - h ٥ ۰ Een ٨ ۹ Sr 7 me M Maca T E a21 بی‎ ioe يا‎ e g'a TES badai ت‎ oma Y. 
ke = = — = —— 2 = .. J— سر سیا‎ 8 .. => = ` Men a da دده‎ AS PA S = M 
T- S B صا‎ LA ٢ ٤ : - ` . -= > "HTC ي-‎ +P 
re — pa M = “v w * e 3 7 Ent ` FEN M LT) er — ve don bi i T LABA TUA wan Es mt! 
4 e » ^ pa - "ua eum s T- a w . نا‎ ” -— 2 ate ` M وه‎ ' k è P "s. " بې ماښ تت‎ 4 iF * - M e 2a» ^ 
PN - E . » iilii did +. . - + E = > > = E = E oe > bs Mié dis EET a1541 8 
mT nn. du RUN Lors nv Rd A e e : ERAR A ET — —* 
= a. " m 4 T E me = x * => L € ` x . ` . a رس سا‎ Pa لل‎ CUB »—— 39 ^ ave — e: ٩ 
A es 8 8 P PEN 3 > ? ES LS -- * “š `". e ços هق مس‎ za RT —— 
" » = - PX EDUC. E =. . LS ٢ ٠ >". ° 0+ r o IL e bre C K هک شه‎ * 93. eng on; ^ By s je — 
= = * T - - = چو‎ - = : 2 e : ٩ > t n ° cd E 
y — — د‎ yt S bL we My — "o wa te — — 3 > Ju dc — Paid dE eke Pé LU Trp LI ¢ 
menu we - z A — E we ay m LN » - `w < *í mi `x - aa 17. Jeu” kh kh Sa Mah KEN Pre CORDE. e 
ېي سآ‎ e-m = = ۸ 5 ° š Y — B = — Y 5 à 7 بده‎ B " سا‎ e (n au vied LA sey 
e ` . F 5 4 0 — E E , — “a LE" `. TAN baba Aak a TITI Ng arai Arto pie په‎ 
L P - = — زا‎ — — ۹ —— e we » w- .. . و‎ kala MELIN ` " 2 2 e Shem bwhig — ata 
= na " - 2 ب‎ - & ^ * 44 E e P k . .. 2 یر د‎ e وچ‎ P = cs A - A = ۰ 
5 ny > " ges A e = . 3 ` et - ` * ` = * B k “2 "i 8 
Foe ge يې سو ا‎ e n T : AES “ - 
= 3 = e P " * — t - » — - LL EI E 1 - T P PR 
= — Su ver ^ e" اا‎ 40 ia - -* n ` - ` - 
LES rm E S - w x - - - ` * ` 
ü 8 "m 


DUDE KROA DRA 
du SCHOU 
CA 9 93943- 5401 


WOLPER ER 








là) 





ASA EY AND ENGINEERING DESIGNIOS PERE 
DIVING ON: 
PURE POR! 


by 


MICHA PI ٧٢ EOIN 


SUBMITTED TOZDRZROBERTERSNDATER 


Texas A&M University 
in partial fulfillment of the requirements for the degree of 


MASTER OF ENGINEERING 


December 2000 


Major Subject: Ocean Engineering 


OS Areiniye 
oou 
Wor kon, wn. 





QT A. 


ځا 17 


— ړ‎ TL 


KNOX LIBRARY 


IE SCHOOL 


REY 93943-5101 


ABSTRACT 


A Survey and Engineering Design of 


Atmospheric Diving Suits (December 2000) 


Michael Albert Thornton, Bachelor of Mechanical Engineering, Auburn University 


Chair of Advisory Committee: Dr. Robert E. Randall 


The objective of this report is to describe the results of a worldwide industry survey 
of the atmospheric diving suit (ADS). A glimpse into the past of significant ADSs from 
Lethbridge’s 1715 “diving engine” to the well-recognized JIM suit is discussed. Several 
facets are presented concerning present day ADSs, including a closer look at the ADSs 
in operation today in the offshore oil and gas industry and in the deep submergence 
programs of several international navies. A comparison of current ADSs against other 
available means of underwater intervention is made that demonstrates the advantages 
and disadvantages of each. A general discussion of the engineering factors to be 
considered in the design and construction of ADSs is presented as well. Based on direct 
interviews with executives, technicians and operators directły involved, insight is gained 
into the future of ADSs, including the latest and forthcoming suits such as, the 
HARDSUIT 2000 - the U.S. Navy’s latest submarine rescue tool, Oceaneering’s WASP 
renovation - of which two are expected be in operation by early 2001, and the futuristic 
but plausible EXOSUIT, the latest prototype shallow-water swimmable ADS. The 
results of this survey indicate that atmospheric diving suits are a healthy and thriving 
community among the oil and gas industry, yet comfortable in their niche between the 


ambient divers and remotely operated vehicles. 
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Naval Sea Systems Command 
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CHAPTERS 
INTRODUCTION 


Background 


While, the earliest atmospheric diving suits were invented to salvage the gold and 
other treasures from unfortunate ships, today’s atmospheric diving suits are primarily 
used to support the oil and gas industry’s perpetual search for black gold. Figure 1 is 


an example of the latest development in atmospheric diving suits. 


John Lethbridge, who is Figure 1: The author tries his ‘hand’ at manipulating a shackle in the 
| | — HARDSUIT 1000 atmospheric diving suit in Vancouver, B.C. 
credited with building the 


first atmospheric diving suit 
im 1715, for lack of a better 
Il refere tO. "nis 
invention as a “diving 
engine”. It has also been 
referred to, over its nearly 
three centuries of existence, 
as an armored diving suit, 
armored diving dress, 
articulated diving suit, one- | — 
manned atmospheric diving suit (OMADS), Iron Duke, and a personal favorite 1s the 
“Iron Mike”. Alfred Mikalow, former owner of the Coastal School of Deep Sea 
Diving, in his book Fell’s Guide to Sunken Treasure Ships of the World, even referred 
to his invention as a deep-sea diving robot. And as best as can be determined from the 
literature, the term atmospheric diving suit did not come into widespread use until the 
invention of the JIM suit. With few exceptions, this report uses the now standard 


atmospheric diving suit, or ADS, to refer to these devices. 





Since the days of Lethbridge’s “diving engine”, before the effects of depth were 
even fully understood, divers have attempted to isolate themselves from the sea around 
them, to dive deeper and longer without suffering the physiological difficulties and 
complications that extreme pressures can have on the human body. In some cases, 
divers were inspired strictly by the lure of the deep, and in others they were motivated 


by the treasures it had to offer. 


Just as critics condemned putting the first man on the moon, skeptics of the 
atmospheric diving suit have been heard to say ‘if we can do it with robots why risk a 
human life?’ It’s not always that simple a question. Remotely Operated Vehicles, or 
ROVs, have certainly surpassed atmospheric diving suits in their ability to go deeper. 
Yet, despite a recent ADS pilot fatality, the numbers of atmospheric diving suit 
incidents have remained negligible. As a matter of fact, until August 1999, there has 
never been a fatal or serious injury in an atmospheric diving suit. But the risk inherent 
with the ADS does involve human life, something not usually at risk in ROV 
operations. There is, of course, a certain risk any time a diver enters the water. The 
human body was not meant to be subjected to extreme pressures. But with the proper 
redundancy and safety features built in, it can be argued that your risk of a serious 


injury is greater by driving your car to work every morning. 


Granted, ROVs can undoubtedly even do many of the same tasks deeper, but not 
always more cost effectively and not usually faster. So it’s a question of time as well 
as technology, and time in the offshore industry means money and usually lots of it. At 
the current price of oil a barrel at about $30.00 (OPEC Monthly Oil Market Report, 
July 2000), with often many thousands of barrels per hour at stake until a repair job 1s 


completed, hundreds of thousands of dollars in capital 1s at risk. 


However, atmospheric diving suits will never supplant the ROV, or diver. As Dan 


This report follows the style and format of the Marine Technology Society Journal, Volume 33, 
Number 4, Winter 1999/2000. 





Kerns, Manager of Hardsuits Incorporated Diving Division, 1s fond of saying “The 
ADS is not meant to replace the ROV, diver, or vice versa, its just another tool to put in 
your bag, and pull out when the logistics, cost-analysis, etc. proves that tool is the one 
to use.” As evidence, Oceaneering’s recent record-setting deepwater pipeline repair 
projects completed in Mariner Energy’s Pluto and Dulcimer fields proved a 
combination of ADS and ROV was the most advantageous technique for getting the 


job accomplished within time and budgetary constraints (Huber, 1999; Gorman, 2000). 


Definition 


An atmospheric diving suit, or ADS, is an articulated anthropomorphic single 
person submersible presently capable of diving to depths of up to 2500 feet while 
maintaining the internal pressure at or very near one atmosphere. The immediate and 
obvious advantage of the atmospheric diving suit is its elimination of most of the 
physiological hazards of ambient pressure divers. There 1s no need for compression or 
decompression schedules, no requirement for special gas mixtures, and no danger of 
nitrogen narcosis or “bends”. Likewise, the atmospheric diving suit can venture up and 
down the water column any number of times without any consequences or delay 


(Albaugh, 1999). 


Atmospheric diving suits may have articulated Figure 2: The Wrangler, atmospheric 
diving submersible. 


arms and legs, such as the JIM suit and HARDSUIT 
family of suits, or may have articulated arms only, 
such as the WASP and SPIDER. It 1s this feature 
that distinguishes the atmospheric diving suit from 
an Atmospheric Diving System (or Submersible). 
The suit has human powered limbs vice remotely 
operated manipulator arms. The MANTIS or 
WRANGLER, as shown in Figure 2, although 





manned, would be more correctly described as an atmospheric diving system or 
atmospheric diving submersible, due to their remotely operated arms. All atmospheric 


diving suits in use today have a thruster package for mid-water maneuverability. 


Classification 


The atmospheric diving suit is a manned submersible and one-atmosphere 
intervention device, as opposed to an ambient pressure intervention method, such as 
the saturation diver. Figure 3 is a classification diagram of current underwater 


intervention methods. 


Figure 3: Classification of Underwater Intervention Methods. 
Underwater 
Intervention 
Underwater Ambient 
Vehicles Diving 


Manned Unmanned Underwater Saturation 
Submersibles Vehicle (UUV) Diving 


Surface-Supplied 
Untethered Tethered Autonomous Underwater Remotely Operated Diving 
Self-Propelled Vehicles (AUV) Vehicles (ROV) 
Self-Contained 


Non-Propelled Self-Propelled Underwater Breathing Apparatus 


(SCUBA) 


Diving Bells Atmopsheric Mixed Gas 
Diving Suits (ADS) Diving 


The atmospheric diving suit has also been classified as a diving system by many 





authors as illustrated in Figure 4. 


Figure 4: Diving Systems Classification (Hawley, 1996) 
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CHAPTER II 


HISTORY OF ATMOSPHERIC DIVING SUITS 


Lethbridge and his “Diving Engine” — 1715 (United Kingdom) 


John Lethbridge’s 1715 “diving engine, without communication of air”, as he called 


it, is widely considered to be the earliest atmospheric diving suit. 


In 1715 at thirty-nine years of age, John Lethbridge, a Devonshire, Englishman was, 
by his own account, a man with a large family to support (Lethbridge, 1749). Thus, 
seeking a means to make his fortune, he conspired to build a device with which he 
might recover the treasures of sunken ships. It was purportedly used successfully on 
several occasions to as deep as 10 fathoms (60 feet). Lethbridge describes his scheme 


in a letter to The Gentleman’s Magazine in September of 1749, as such: 


{The italicized excerpts below are in the same style and character as the original} 


“the first step I took towards it was going into a hogshead' upon land, bung’d up 
tight, where I stayed half an hour without communication of air; then I made a trench 
near a well at the bottom of my orchard in this place in order to convey a sufficient 
guantity of water to cover the hogshead and then try’d how long I could live 
underwater without air pipes, or communication of air, and found I could stay longer 


underwater than upon land. " 


Having completed this experiment he then engaged a cooper in London to make a 


"diving engine" of the following description: 


"It is made of wainscot, perfectly round, about six feet in length, about two foot 


and a half diameter at the head, and about eighteen inches diameter at the foot, and 


] : — . ` j 

hogshead is the ołd English term for a 54-gallon barrel. 
2 ° Se . 

“wainscot is joined wooden paneling. 





contains about 30 gallons; it is hoop’d with iron hoops without and within, to guard 
against pressure; there are two holes for the arms, and a glass about four inches 
diameter, and an inch and quarter thick, to look thro’, which is fixed in a direct line 
with the eve; two airholes, upon the upper part, into one of which air is conveyed, by a 
pair of bellow, both of which are stopt with plugs, immediately before going down to 
the bottom. At the foot part there's a hole to let out water sometimes; there's a large 
rope, fix’d to the back, or upper part, by which it's let down; and there's a little line, 
called the signal line, by which the people above are directed what to do, and under is 
fix'd a piece of timber, as a guard for the glass. I go in with my feet foremost, and 
when my arms are got thro’ the holes, then the head is put on, which is fastened with 
scrnes. It requires 500 weight to sink it, and take but 15-pound weight from it, and it 
will bouy upon the surface of the water. I lie straight upon my breast, all the time I am 
in the engine, which hath many times been more than 6 hours, being, frequently, 
refreshed upon the surface, by a pair of bellows. I can move it about 12 foot square, at 
the bottom, where I have stayed, many times, 34 minutes. I have been ten fathom deep 


many a hundred times, and have been 12 fathom, but with great difficulty.” 


Figure 5: Lethbridge “diving engine” model We might never have had the above 
(Courtesy of National Undersea Research 
Program) 


account, except that a Mr. Samuel Ley had 
accused Mr. Lethbridge of depriving another 
man of the previous invention of the same 
diving engine in the July 1749 issue of The 
Gentleman s Magazine. Mr. 6 
emphatically denies this in the most 
gentlemanly banter he can muster, and then 


goes on to give the description above. 





As documented evidence has shown, and 





— 7 certainly to the delight of his large family, 
Mr. Lethbridge was reportedly very successful in his endeavor. His first success was 


in the salvage of the English Indiaman Vansittart, which sank in 1718 in the Cape 





Verdes off the Isle of May (Cowan, 1999). Amazingly Mr. Lethbridge and another 
early diving hero, Jacob Rowe, recovered incredible amounts of silver from the 
Vansittart. For several years following the Vansittart salvage, Lethbridge and Rowe 


were awarded and salvaged several wrecks for the Spanish, British and Dutch owners 


(Aylmer, 1996). 


One can note from the excerpt and Figure 5 that Lethbridge’s arms protruded 
through the pressure vessel, and were sealed with a leather cuff. Therefore, this suit 
might be more appropriately called a semi-atmospheric diving suit. It is nevertheless 
included here, since the technology to create any workable joint to maintain the entire 


person at one-atmosphere did not, of course, exist yet. 


What follows is a mathematical investigation into Mr. Lethbridge’s claim of 34 


minutes “bottom-time”. 


Given: Figure 6: O, consumption and respiratory minute volume at varying 
work rates (Nuckols, 1996) 


Vessel interior volume 
(Vin) = 30 gal (UK) 
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Respiratory quotient (RQ') 
= 0.9 


Calculating: 


Actual time before reaching a CO» partial pressure of 10% 
(1.e. when Mr. Lethbridge would have reached Zone IV of Figure 7) 


‘On a normal diet of carbohydrates, fats and proteins a person will generally have an RQ of ~ 0.82 
(Nuckols, 1996) 
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Using an RQ of 0.9, 1e. Figure 7: Relationship of physiological effects to CO; concentration 
and exposure period (US Navy Diving Manual) 
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production 


Subtracting the ~ .033% by volume of CO; already present in air (and in the 


vessel upon submerging). 


(10 - .033)/100 x 136.38 = 13.59 liters CO; 


13.59 liters/ .45 SLM = 30 minutes 


At first glance this would seem fairly close to the claimed 34 minutes, but the 
assumptions are very forgiving, in that at 0.5 SLM very little work could be 
accomplished. The calculations also assume a liberal 90% respiratory quotient. 
Moreover, according to Figure 7, to reach ZONE IV (10% CO2) Mr. Lethbridge would 
have had to stay in the vessel to the point of near unconsciousness before exiting. Is 


this the “great difficulty" Lethbridge was referring to? 


With the above generous assumptions it seems unlikely that Lethbridge was actually 
able to stay submerged for as long as 34 minutes as he claims, especially 1f he was to 
accomplish any appreciable work. Of course, as history records, it didn't seem to hurt 


his fortunes any. 
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Following Lethbridge and Rowe’s exploits there was little to no mention of the 
armored diving suit until 1838, an almost 80 year Jull from Lethbridge’s death in 1759. 
A replica of Lethbridge’s “diving engine” is on display at the Heritage Shipwreck 


Museum of Charlestown, in Cornwall, England. 


Taylor — 1838 (United Kingdom) 


Figure 8: Taylor 
| | atmospheric diving suit 
In the year 1838, W.H. Taylor, an Englishman, designed the design, 1838. 





first known armored diving suit with articulating joints. The 
suit was to be surface-supplied and had accordion-like joints of 
spring steel, reinforced and water sealed with leather (Harris, 


1985). 


From his drawing it seems that either Mr. Taylor had no 
intentions of his suit being a true atmospheric diving suit, or 
else he had no understanding of the depth-pressure 
relationship. Notice that in Figure 8, the suit appears to 
exhaust directly into the surrounding water from a short hose located at the divers 
waist. The interior pressure would have, therefore, had to be greater than the water 
pressure at depth. Secondly, the soft cloth joints of the suit would have most likely 


collapsed when exposed to any considerable pressure (Davis, 1951). 


On the opposite side of the Atlantic an American inventor was soon to be at work 


designing a more promising suit. 
Phillips — 1856 (United States) 
An American from Chicago named Lodner D. Phillips designed the first completely 


enclosed atmospheric diving suit in 1856 (Davis, 1951). His design, in Figure 9, 


consisted of a barrel shaped upper torso with domed ends and was the first to 
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incorporate ball and socket type joints in the articulated arms and legs. The suit had at 
least eight joints. The arms each had Figure 9: Phillips atmospheric diving suit design, 1856. 
joints at the shoulders and elbows and 
the legs had joints at the knees and 
hips. It had a ballast tank on the back, 
a single viewing port, a man-hole 
cover entrance on top, and simple 
manipulators at the ends of the arms, 
standard fare on all atmospheric diving 


suits in use today. Air was to be 





supplied and exhausted through a twin 
hose entering near the top of the suit. It included a lifting eye in the center of the hatch 


cover for hauling it up and down. 


Some of the more interesting features were the waist high hand-cranked screw 
propeller at the front of the suit, the additional manipulators projecting from the waist 
that extended the operator's reach, and the “buoyancy” balloon attached to the top that 


would have certainly collapsed with increasing depth. 


No record exists to indicate the Phillips suit was ever built but many features of the 
design can be seen in similar more successful suits over a. Figure 10: Carmagnolle 
half a century later. Notably, in January of 1850, Lodner MODE ځا و‎ 
Philips had also been successful at patenting a design for a 


new submarine (Pesce, 1906). 


Carmagnolle — 1882 (France) 


Two French inventors, the Carmagnolle brothers of 


Marseilles, France patented an armored diving dress in 
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to be kept watertight wıth a loop of waterproof cloth attached to both sections of the 
joint and folded so as to slide upon itself when the joint was moved (Davis, 1951). The 
suit, seen in Figure 10, had no less than 22 of these rolling convolute joints; four in 
each leg, six per arm, and two in the body of the suit. The suit was the first truly 


anthropomorphic suit design to be constructed. 


Another distinctive feature of the Carmagnolle suit was the helmet. It had 25 
individual two-inch diameter glass viewing ports spaced at the average distance of the 
human eyes. An additional port at the top of the helmet could be removed to ventilate 


the suit when at the surface. 


The Carmagnolle suit was a brilliant design for its time, incorporating tenets of 
human engineering not yet the standard, though it would have suffered from many 
problems. However, the basic joint design was likely sound at minimal pressure, and 
was demonstrated years later by Litton Industries on hard carapace space suits. The 


Carmagnolle suit 1s on display at the National Maritime Museum in Paris. 


Bowdoin - 1915 (United States) 


Harry L. Bowdoin of Bayonne, New Jersey, Figure 11: Bowdoin atmospheric 
diving suit, 1915. 


received a patent in 1915 for a new type of oil-filled 
rotary jointed armored diving suit. The joints had a 
small duct leading to the interior of the joint to allow 
the external and internal pressure to equalize. 
However, without constant lubrication the joints 
would have most likely quickly run dry and prevented 
rotation of the jomt (Harris, 1985). The suit was 
designed to have four joints in each arm and leg and 
included one joint in each thumb, for a total of 
eighteen. Disconnecting the upper and lower halves 


made entry into the suit possible. The addition of 
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spacers in the waist, arm and legs would have made it possible to accommodate various 
operators. Four small viewing ports and a single built-in chest mounted lamp 
facilitated underwater viewing. Figure 11 is Bowdoin’s patent drawing for his 
atmospheric diving suit. Unfortunately, there is no evidence that Bowdoin’s suit was 


ever built. 


Neufeldt and Kuhnke & the Salvage of the Egypt — 1917 (Germany) 


In 1917, the German firm Neufeldt and Kuhnke built two atmospheric diving suit 
models based on their patented ball and socket joint, which utilized ball bearings to 
transfer the pressure load. The German Navy tested the second-generation suit to 530 
feet in 1924 but limb movement was very difficult and the joints were not "fail-safe." 
Even so, the suit afforded intervention at previously unheard of depths. The German 
Navy, reportedly had several Neufeldt and Kuhnke suits, called "Panzertaucher”, 


translated armored diver, during World War IJ, which later found their way into allied 


hands after the war. There are unconfirmed reports that Figure 12: Neufeldt & Kuhnke 
atmospheric diving suit, 1930’s 

the Russian Navy even built copies. The Italian dive (Courtesy Man-in-the-Sea Museum, 

Panama City, FL) 


helmet designer, Roberto Galeazzi, also obtained the 
rights to build an atmospheric diving suit system based 


on the Neufeldt and Kuhnke joint design (Scott, 1931). 


The Neufeldt and Kuhnke suit had joints at each 
shoulder, one at each thigh and ankle and small ball 
joints for the mechanical ‘pincers’. The joints were 
sealed by means of a rubber skirt that attached to the 
socket and shd over the ball. Separation and mobility 


of the ball and socket joint was achieved by ball 





bearings between the two. The waist of the suit 
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included a ballast tank that could be filled with water or blown clear with compressed 


am 
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The Neufeldt and Kuhnke suit achieved its fame as a valuable assistant in the 
salvage of gold and silver bullion from the S.S. Egypt. Though the suit was relegated 
to a mere observation chamber at the depth of the Egypt, it was used successfully to 
direct the mechanical grabs that tore their way to the bullion in the strongholds below 
(Scott, 1932). The 8,000 ton Peninsular and Oriental liner Egypt sank in May of 1922 
while outward bound from London to Bombay in a dense fog after a glancing blow, on 
the port side slightly aft of amidship, from the French freighter Seine about 25 miles 
southwest of Ushant. The Egypt sank in less than 20 minutes and 96 souls were lost. 
she had aboard approximately five tons of gold and two tons of silver. The Italian firm, 
Sorima, Societa Recuperi Marittimi, or Maritime Salvage Company, conducted the 
salvage. To reduce the chance of leakage, the suit was first simplified in the number of 
joints, to one at each shoulder and two in each leg, and later the suit was completely 
replaced by an even simpler observation-only chamber. Figure 12 shows the suit as 
used by Sorima. Despite this and the fact one of the salvage vessels was destroyed by 
an explosion killing 12 men, Sorima, recovered over a $1,000,000 in gold and silver 
ingots in 1932 with the help of the Neufeldt and Kuhnke suit. There is at least one 
surviving Neufeldt and Kuhnke suit on display at the Man-in-the-Sea Museum in 


Panama City, FL. 


Galeazzi — 1930’s (Italy) 


Roberto Galeazzi, a famous diving helmet inventor, received a Figure 13: Galeazzi 
Atmospheric Diving Suit 


license to produce and market a suit based on the Neufeldt and 
Kuhnke joint. There were reputedly more than fifty of the 
Galeazzi suits built (Harris, 1985). According, to Jim English, 
Vice President and General Manager of Hardsuits International, 
the Galeazzi suit can be seen all over Italy, unfortunately 
decorating the entrances of there Naval bases. At least one, 


pictured in Figure 13, stands in the Museo Nazionale delle 





Attività Subacquee (National Museum of Underwater 


Activities) in Ravenna, Italy. 





Campos — 1922 (United States) 


Figure 14: Campos atmospherie In 1922, Victor Campos of New York, patented an 
diving suit, 1922 


atmospheric diving suit with oil-filled rotary joints. The 
suit was reportedly taken to a depth of 600 feet (184 m). 
Though the suit could have reached 600 feet, the joints 
would have most likely not had any appreciable 
movement (Davis, 1951). However, as mentioned 
previously, such suits were sometimes used quite 
successfully as observation chambers. The Campos joint 
was a fail-safe design, in that if the joint were to fail it 
would automatically seal and not allow water to enter 


the suit. Figure 14 1s Campos’ patent design drawing. 





Peress and the Tritonia — 1922 (United Kingdom) 


Figure 15: Peress and the Tritonia 
Joseph Salim Peress, later referred to as "Pop" Atmospheric Diving Suit (Courtesy of 


National Undersea Research s 
Peress, relocated to Pans in 1912 as an aircraft AE 
designer (Taylor, 1997). In 1922, Peress patented M PEN S — 
the first spherical type joint, which used a fluid to s A % 
transfer the pressure. He went on to build hıs fırst 
suit in 1925 which unfortunately, did not operate 
successfully. Peress later redesigned the Joints on an 
annular cylinder and piston resting on a cushion of [? 
fluid, which came to be known as Type 1 (Harris, 
1985). In 1932 he built a second atmospheric diving 


suit, what was then referred to as the Tritonia, and is 


now commonly called “Jim I”. Mr. Peress and the 





Tritonia are pictured in Figure 15. It was "hun used on the wreck of the 
Lusitania, at a depth of 312 feet (Loftas, 1973). In 1937 the Tritonia successfully 


completed trials with the British Royal Navy, but the Navy then concluded that there 
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was no current requirement for deep sea diving and was more interested in developing 


ambient pressure diving systems. 


Peress' expertise 1s harnessed later in the century to help develop the JIM Suit, 
named after Peress’ chief diver Jim Jarrett. The second suit Peress’ built is on display 


at the British Science Museum in London. ‘Pop’ Peress died June 4th 1978. 
Mikalow — 1952 (United States) 


Figure 16: Mikalow Atmospheric During a period of history considered by many to 
Diving Suit, 1952. 
ci = be a gap in the development of the atmospheric 
diving suit, Alfred A. Mikalow, once director and 
Bn ]) 7و‎ owner of the Coastal School of Deep Sea Diving, in 
Oakland, California, designed and built an 


atmospheric diving suit. (Figure. 16). His suit, 


— — — — ee, 


employing ball and socket joints, was built for the 
purpose of locating and salvaging sunken treasure. 
The suit was reportedly capable of diving to depths 
of 1000 feet and was used successfully to dive on the 
sunken vessel, City of Rio de Janeiro, in 328 feet of water near Fort Point, San 


Francisco, California (Rieseberg, 1965). 


The Mikalow had several interchangeable instruments that could be attached in 
place of the usual manipulators at the end of the arms. The “deep-sea diving robot’, as 
it was called in Fell's Guide to Sunken Treasure Ships of the World, carried seven 90 
cubic feet high-pressure cylinders to provide the breathing gas and control the 
buoyancy. The ballast compartment covered the air cylinders and opened at the bottom 
near the diver’s legs. The suit used hydrophones as its primary means of 
communication with the surface and powerful searchlights were attached to the head 


and arms. 
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Litton — 1967 (United States) 


In the late 1960’s Litton Industries Space Science Figure 17: Conceptual drawing of 
the Litton atmospheric diving suit. 


Laboratories announced the development of a new 
design of an atmospheric diving suit (Figure 17) 
capable of operating to depths of 600 feet (Fonda- 
Bonardi, 1967). The UX-1, for underwater 
experimental, suit was to use a combination of 
constant-volume convolute joints and rotary joints. 
Their basic principle was to place the geometric axis of 
the suit joints as close as possible to the anatomical 


axis of the operator’s articulation. The suit design 





surpassed any that had been built to date, though it E 
never made it to production. In 1974, prior to inventing the Newtsuit, Phil Nuytten 


bought all rights and patents to the Litton suit (Harris, 1985). 


JIM- 1969 (United Kingdom) 


It was not until the 1960’s, when commercial diving was unable to keep pace with 
the petroleum industry’s race to deeper waters, that interest was renewed in developing 


an improved atmospheric diving suit (Baton, 1973). 


Mike Humphrey and Mike Borrow, partners in the English firm Underwater Marine 
Engineering Ltd., recognized the value atmospheric diving suits could bring to the 
offshore industry. By happenstance they were able to locate and convince Joseph 


Peress, inventor of the Tritonia atmospheric diving suit to join them (Burrow, 1973) 


The old Tritonia was located in a factory in Glasgow and shipped under the 
“utmost” secrecy - the crate apparently arrived with the words “Lusitania Diving Suit” 
in large block letters along the side, so much for trade secrets (Morrison, 1989). The 


suit was still dive-able and required only minor refurbishing before “Pop” Peress 
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himself in his late 60's demonstrated the suit Figure 18: JIM suit at Naval Undersea 
Warfare Center, Keyport, Washington. 


in a tank in Hampshire. After a lack of 
financial support from the oil and gas 
industry, a research grant was secured from 
the British government to proceed with their 
plan (Loftas, 1973). DHB Construction, for 
Dennison, Hibberd and Borrow, was formed 
to develop the suit. Dr. David Dennison was 
principally responsible for developing the 
life-support system, Hibberd provided 
financial support, and Mike Borrow was the 


firm’s director (Harris, 1985). 


The first suit was completed in November 
1971 and underwent trials aboard the HMS 


Reclaim in early 1972. Two dives were 





conducted in excess of 400 feet, limited only | Y “Gr” AN | 
by the depth of the ambient divers providing support. Development and testing 
continued until March 4, 1974 when Mike Humphrey conducted a ‘chamber’ dive to 
the equivalent of 1000 feet. Despite the successful testing the offshore petroleum 
industry still expressed little interest in the ADS. It wasn’t until 1975 when 
Oceaneering acquired DHB Construction and garnered the exclusive rights to the 
application of JIM suits in the oilfields that JIM became successful (Fridge, 1977). In 
1976 the JIM suit was used for a series of four dives on PanArtic’s Hecla M25 well 
(English, 1978). The dives were made through a hole cut in the 16 feet thick ice floe, 
on which the rig was positioned. The first dive, made by Walt Thompson of 
Oceaneering, set a record for the longest working dive below 490 feet. It lasted 5 hours 
and 59 minutes at a depth of 905 feet. The Arctic dives proved that JIM was capable of 
performing oilfield operations in very cold and very deep water. Average water 
temperature at the wellhead was measured at 29°F, while the average internal suit 


temperature was about 50°F. The operators simply wore a heavy wool sweater for 
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thermal protection. The following year the JIM suit was used on over 35 jobs with an 
average duration of over 2 hours and depths varying from 300 — 1130 feet (Earls, 
1979). By 1981 there were 19 JIM suits in existence. 


The first JIM suits were cast of magnesium due to its high strength-to-weight ratio 
and weighed around 1,100 lb in air including the diver. The corrosion problems with 
magnesium were averted by careful surface preparation and coating. The suit had an 
in-water weight of 15-50 lb negative buoyancy. A jettisonable-ballast was attached to 
the front of the suit that could be operated from within the suit. Releasing the ballast 
would propel the operator to the surface at approximately 100 feet per minute. The suit 
also included a communication link and jettisonable umbilical. The original JIM suit 
had eight of the annular oil-supported universal joints, one in each shoulder and lower 
arm, and one at each hip and knee. Eventually, the magnesium casting was replaced 
with fiberglass construction and the single joints evolved into many segmented joints, 
individually allowing only seven degrees of motion, but added together gave the 
operator a greater range of motion. Additionally, the four port dome was replaced by a 
transparent acrylic one that allowed the operator a much-improved field of vision. The 
fiberglass suit was known as the JAM suit. A lighter more anthropomorphic suit was 
built of aluminum or glass-reinforced plastic and known as the SAM suit. The 


aluminum model was rated to 1000 feet and the fiberglass suit was rated to 2000 feet. 


Every technology has a defining point when it becomes wholly viable to the market 
it wishes to serve; for the atmospheric diving suit - the JIM suit was that defining point. 
During no period prior to JIM was the atmospheric diving suit used as extensively or 
successfully as a means of underwater intervention. The suit was the basis of a new 
generation of suits that would prove their worth for many years in the oil industry and 
elsewhere. Rightfully so, there has probably been more written about the JIM suit than 
any other atmospheric diving suit developed. There are several versions of the JIM 


suit, such as in Figure 18, on display at museums throughout the U.S. and the U.K. 





WASP — 1978 (United Kingdom) 


The WASP was developed and built by Graham Hawkes of Offshore Submersibles 
(OSEL), formerly of the UMEL/DHB consortium. After successful legal action 
Oceaneering prevented OSEL from selling the WASP, alleging that Hawkes had 
developed the suit while still working for UMEL (Harris, 1985). Interestingly enough, 
prior to the legal battle, the contract for the first WASP suit was to Wharton Williams, 
a firm that later was instrumental in the development of the SPIDER, an ADS strongly 
resembling the WASP. The first two Figure 19: WASP installing an in-line bolted 

flange spool-piece to repair Mariner Energy’s 


WASPs were built and in operation in mid- Pluto gas flowline at 2,150 feet. 


1978 (Ocean Industry, 1977). It is similar | * k 2 





in design to the JIM suit except below the 
waist it has a glass reinforced plastic | 
cylinder in place of articulated legs. Small | 
multi-directional thrusters, controlled by 
foot pedals within the cylinder, gave the 
WASP ¡more mobility. Although the 
developers of the JIM suit experimented 
with a thruster-pack earlier, the WASP was the first suit to successfully apply thrusters 


allowing the ADS a mid-water capability not present before. 


Oceaneering’s WASP has led the field in deepwater repair, setting what 1s claimed 
to be a new working water depth record for an on-bottom pipeline repair project. The 
pipeline repair, completed at 2150 feet, was made to an eight-inch gas pipeline 
connecting a well in Mariner Energy’s Pluto field to a platform 29 miles away (Figure 
19). The job was performed using the WASP and Oceaneering's 150HP Millennium 
ROV, illustrating the effectiveness of the ADS and ROV in tandem (McCabe, 2000). 


SPIDER — 1979 (United Kingdom) 
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Wharton Williams Ltd. and Vickers Slingsby Ltd. Figure 20: SPIDER ADS 
developed the SPIDER (Self-Propelled Inspection iS 
DivER) in the 1970’s, in answer to the WASP (figure 
20). The basic design was very similar to the WASP, in 
that it had segmented ball and socket arm joints, a 
hemispherical pressure vessel for the legs and a 360° 
viewing dome (Wharton, 1979). One of the SPIDER’s 
unique features were the two hydraulically operated 


suction pads, ‘sticky feet’, located in the equipment 


package that were intended to allow the SPIDER to 





attach itself to any relatively smooth surface, that is if MA | 
you can find one in the barnacle encrusted sea. Additionally, rather than the ‘standard’ 
mechanical advantage manipulators found on other atmospheric diving suits, the 
SPIDER had hydraulically operated manipulators. An adjustable pressure relief valve 
permitted varying the grip pressure. Like the WASP, the SPIDER also has variable 
ballast control. Two SPIDERs, owned by Silvercrest Submarines, are currently 


operating in Hawaii in support of a scientific research program. 
NEWTSUIT/HARDSUIT - 1985 (Canada) 


Phil Nuytten developed the NEWTSUIT, after leaving Oceaneering in the 1980's, 
based on a rotary joint he patented in 1984. The NEWTSUIT, built by Hardsuits 
International — at present a subsidiary of Stolt Offshore, and now called the 
HARDSUIT, is a truly anthropomorphic suit with articulated arms and legs and just 
enough room for the operator to pull his arms back into the body of the suit to operate 
interior controls. The suit is capable of a wide range of motion enabling it to enter 
some spaces previously accessible only to divers. The original NEWTSUIT, as seen in 


Figure 21, is now on display at the Vancouver Maritime Museum, B.C. 


There are currently three versions of the HARDSUIT available: the original cast 


aluminum 1000 foot version (HARDSUIT 1000) of which 17 are in service; six 
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Figure 21: ‘Original’ NEWTSUIT at the versions rated to 1200 feet (HARDSUIT 
Vancouver Maritime Museum, B.C. 


1200); and a forged aluminum 2000 foot 
version (HARDSUIT 2000) _ recently 
delivered to the U.S. Navy for its submarine 
rescue program. Additionally, due to the 
differences in commercial certification and 
U.S. Navy certification criteria, a commercial 
version of the HARDSUIT 2000, to be 
designated the HARDSUIT 2500, will be 
available to the industry and certified to a 
depth of 2500 feet. 

The HARDSUIT has 16 (four in each arm 
and leg) patented hydraulically compensated 
rotary joints that allow the pilot to physically 
move the arms and legs of the suit. In many 


of the suits operated by Hardsuits the hip 





| joint has been rendered immobile, 
presumably because it provided little additional mobility. Manually operated 
manipulators at the end of each hand pod allow the pilot to grasp and maneuver objects 
underwater. Two 2.25 HP thruster modules, are controlled by footpads within the suit 
permitting the pilot to "fly" from point to point or maintain station within a light 
current. The suit’s life support system allows it to work at depths of 2000 feet for up to 
six hours, with additional emergency life support for up to 48 hours. It has no battery 
back-up for its thrusters, and therefore it’s Stolt Offshore’s policy to limit operations to 
water depths not greater than the depth rating of the suit. The suit opens at the waist 
for entry and exit. Extensions can be inserted in the legs and arms of the suit to 


accommodate most any size operator. 
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CELAD att) 


THE MODERN ATMOSPHERIC DIVING SUIT 


The modern atmospheric diving suit has evolved over a period of over 200 years to 
provide a useful method of underwater intervention. The basic premise though is 
unchanged; separate divers from their environment while still allowing them to 
complete work. Likewise, with everything there are advantages and disadvantages. 
While most of the advantages where as true in Lethbridge’s day as they are today, it 
was well after Lethbridge that the advantages began to be thoroughly understood, 


specifically those related to the physiology of diving. 
Advantages of the Modern Atmospheric Diving Suit 

As mentioned previously, the primary advantage of the atmospheric diving suit 
concerns the elimination or lessened severity of the physiological hazards generally 


associated with ambient diving. In order to adequately comprehend this advantage, 


these hazards are first examined. 


Physiological Hazards of Diving 


Hypoxia 


Hypoxia, or oxygen shortage, is a condition in which the body’s cells fail to receive 
enough oxygen to support their normal metabolic functions. Hypoxia can result from 
an inadequate amount of oxygen in the breathing gas and unconsciousness usually 


results from partial pressures of oxygen less than 0.10 atm (Nuckols, 1996). 


Hypercapnia 
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Hypercapnia is a result of excess carbon dioxide in the blood. This condition may 
result from an excessive level of carbon dioxide in the breathing medium or by the 
inadequate removal of CO» in closed or semi-closed breathing systems. Figure 7 as 
shown previously illustrates the effects of carbon dioxide concentration versus 


exposure period. 


Asphyxia 


Asphyxia describes the presence of both hypercapnia and hypoxia. 


Carbon Monoxide Poisoning 


Carbon monoxide (CO) poisoning may result, because CO has an approximately 
200 times greater affinity to hemoglobin in the blood than O5 does (Nuckols, 1996). 
Blood concentrations of CO to high may impede the vital transport of O» to the cells. 
symptoms may include abnormal redness of the lips and fingernails, headaches, nausea 


and vomiting. 


Nitrogen Narcosis 


Nitrogen narcosis, often referred to as “rapture of the deep”, is due to the narcotic 
effects of nitrogen at elevated partial pressures. Symptoms are comparable to alcoholic 
intoxication. On standard air, at depths of 100 FSW the effects of nitrogen narcosis are 
first noticed and may include lightheadedness and euphoria. As the depth increases the 
narcotic effect 1s amplified and at 200 FSW simple tasks usually cannot be performed 
correctly. Greater than 350 FSW unconsciousness may result (Randall, 2000). 
Nitrogen is typically replaced with helium for dives beyond 200 FSW. Helium also 


has anesthetic properties but they occur at much greater depths. 
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Decompression Sickness 


Decompression sickness (DCS) results from super saturated gases in the body being 
brought out of solution to quickly leading to the formation of bubbles in the tissues or 
blood stream. This effect is analogous to the bubbles that form when first opening a 
carbonated drink. Symptoms may include pain in the joints due to bubbles in the 
tissues, to paralysis or death from pressure on the central nervous system or from a gas 
embolism due to the blockage of blood flow to the brain. Treatment involves the 


recompression of the diver and may be prevented by adhering to decompression tables. 


High Pressure Nervous Syndrome 


High-pressure nervous syndrome (HPNS) may be characterized by dizziness, 
nausea, vomiting, tremors and convulsions. HPNS generally occurs at depths greater 
than 600 FSW and worsens with increased depth and the faster the rate of compression 
(Nuckols, 1996). HPNS was initially referred to as helium tremors since it was first 
observed in heliox (helium and oxygen) mixtures. Methods of preventing HPNS 
include using a slow and steady rate of compression and adding other inert gases such 


as nitrogen to helium/oxygen mixtures (trimix). 
Barotrauma 
Barotrauma refers to maladies resulting from the mechanical effects of high 
pressure on the human body and usually results due to the failure or inability. to 


equalize pressures in the bodies natural air spaces, such as the ears, sinuses, and teeth. 


Accordingly, by enclosing the diver in a ‘submersible’ at one atmosphere of pressure, 


most of these hyperbaric problems can be completely eliminated. 


Other advantages of the atmospheric diving suit include: 
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A major advantage of the ADS, specifically over the ROV, is the ability to 
put a person directly at the worksite where they are most effective in 
improvising. Additionally, the ADS has a greater dexterity and much better 


depth perception than the ROV. 


No Decompression. No lengthy decompression, or compression, is 
necessary. Therefore the ADS can get to the worksite and return much 


faster than the ambient diver. 


Multi-level dives. The ADS may make unlimited excursions up and down 
the water column to any depth required within its rated depth. Unlike 
saturation divers who have a limited safe excursion range from their 


working depth. 


Mid-water capability. The thruster package gives the ADS a mid-water and 


moderate current capability. 


Up-front engineering. Minimum or no pre-engineered tooling is required 


and often, standard diver tooling may be used. 


High altitude diving. The ADS eliminates the need for special high-altitude 
deep-diving decompression tables and is especially useful in sites where 


access may be limited or impractical for a saturation system. 


Longer bottom times. The ADS may stay at the worksite for periods of six 


hours or more if necessary. 


Peripherals. The ADS may carry to the worksite many of the features of 


ROVs, such as lights, cameras, sonar, and basic tools. 
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Disadvantages of the Modern Atmospheric Diving Suit 


The disadvantages of ADSs are as with any ‘submersible’, they still separate the 
human, or more specifically the human’s primary mechanical tool - his hand, from the 
task. Since the ADS operator’s hands are separated from the environment by the suit 
and it’s manipulators they have little or no real feedback and must rely mostly on sight 
to effectively operate. This leads to another important disadvantage of the ADS - it 
can’t work well in extremely turbid waters. This is significant considering most 
working dives are never conducted in completely clear and calm water, and divers 


oftentimes need their sense of touch in order to complete their mission. 


Other disadvantages include: 


e Limited payload. The ADS is generally less capable than the ROV in 
carrying payloads. 


e Limited access. As compared to the diver, and small work class ROVs, the 


ADS’s ability to access confined spaces is limited. 


e Surface Support. In terms, of surface support the ADS requires less support 


than saturation system, but more than the average ROV work package. 


. Deck Space and Weight. The ADS footprint and load generally follows that 


of surface support; less than saturation systems but more than ROVs. 


Additionally, as mentioned previously, putting the human operator at the work site 
Is also a concern in terms of risk and safety, and must be considered during project 


planning. 


A current cost comparison and abbreviated capabilities comparison of the portable 


saturation system versus the atmospheric diving suit versus the remotely operated 
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vehicle also follows in the Chapter IV discussion of other underwater intervention 


devices. 
Atmospheric Diving Suit Employment 

The majority of atmospheric diving suit use is in the offshore oil and gas industry, 
but the atmospheric diving suit has also seen use in salvage, high-altitude diving, and 


oceanographic research. 


Some of the proven applications of the Atmospheric Diving Suit in the offshore arena 


are: 

. Platform inspection . Rigging and salvage 

. Anode replacement . Flooded member detection 

e Cathodic protection and thickness . Hydraulic tool operation 
readings . Pipeline tie-ins 

- Crack detection . Marine salvage 

. Riser clamp installation . Inland water inspection 


- Pipeline inspection 


Consequently, after a period of 30 years it has been reintroduced, this time successfully, 
to the U.S. Navy for use in its Deep Submergence Rescue Program. Other international 
Navies are also employing the atmospheric diving suit to assist a distressed submarine. 
See Chapter V for more information about the role of the atmospheric diving suit in the 


Navies. 


Recent Accident 


On August 29", 1999 an Oceaneering operated WASP, in the Garden Banks 161 field 
of the Gulf of Mexico, dropped approximately 80 ft while being lowered from its 
launching mechanism (Ocean Oil Weekly Report, 1999). A bolt sheared dropping the 
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WASP and pilot 80-ft. The suit was believed to have struck the launch platform during 
the fall and an arm joint was compromised, flooding the WASP. The WASP was in a 
head down attitude. The pilot, Jay Shapcotte, did not survive. Subsequent investigations 
of the bolt indicated a hairline fracture. According to Oceaneering, the launching 
mechanism was load-tested and approved by Lloyd’s Register prior to the accident. 
Sunilar bolts on all identical launching structures were inspected and no abnormalities 
were found. The US Coast Guard conducted the investigation. The suit was being 
operated from the Ocean Ambassador drilling rig. As reported in Offshore Magazine in 
1999, prior to this incident Stolt Offshore (Hardsuits) and Oceaneering had zero lost- 
time accidents in their atmospheric diving suits. Even following last years fatal accident 
in the WASP, many in the industry still assert, based on all types of atmospheric diving 
systems (not including military applications), that atmospheric diving is still the safest 


type of diving known to man. 


Parallels with Space Industry 


In a Society of Automotive Engineers Technical paper, Phil Nuytten draws a 
comparison between the quest to send people into outer space versus the quest to send 
divers to the great depths of the ocean (Nuytten, 1984). The romanticism of sending a 
person to the moon, and being the first, was an idea an entire nation embraced. With his 
special message to congress, on May 25 1961, John F. Kennedy instituted that race and 
America became that nation. Likewise, John F. Kennedy played a significant role in the 
advancement of ‘inner’ space exploration. His less famous mandate to “tap the ocean 
depths” spurred initial progress in undersea exploration. Though, statistics still indicate 
there 1s a significant disparity between the time and resources spent exploring our own 
underwater backyard to those spent in reaching distant moons and planets. In fact, even 
the oceanographic community’s expertise is being used to assist in the effort to find life 
on distant planets. Moreover, to the scientist, deepwater is practically as remote as the 


moon. 
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Astronauts, wisely, train for the weightlessness of space in huge water tanks. Scott 
Carpenter, was possibly the first dual space‘naut - an aquanaut and astronaut, when he 
became involved with the Navy’s SEALAB project in the 1960’s. According to Robert 
Ballard, one of the greatest ocean explorers of our time, less than one percent of the deep 
sea has even been seen, much less fully explored (Earle, 1999). Statistics abound 
regarding the disparity between outer-space exploration and inner-space exploration. 
Dr. Sylvia Earle, noted marine biologist and ocean explorer, even suggests we may land 
a man on Mars before ever returning to the Challenger Deep, the deepest point in the 


ocean. 


Divers and astronauts both operate in unnatural environments for man and require 
some method of physical protection to operate in those environments. These 
environments cannot sustain human life for any great length of time without isolating at 
a minimum the breathing system from this environment. Yet these environments also 


allow the inner space and outer space man to move freely in three-dimensions. 


Litton Space Industries was well aware of this semblance of environments, when they 
designed an atmospheric diving suit intended for diving to depths of 600 feet, in the late 
1960's. Though it never made it to full-scale production, it was arguably the most well 
designed suit for its time period. Like Litton, NASA’s Ames Research Center and 


Johnson Space Center all once built and tested ‘hard suits’ for use in outer space. 


ADS Pilots 


They are called ‘pilots’ and their job is to fly, but it’s not airplanes they’re flying and 
it's not the wild blue yonder. They are divers with special training that allows them to 
soar to the ‘deep blue yonder’ in atmospheric diving suits. Unlike the typical ambient 


diver they are not subjected to the extreme pressures of depth and all the physiological 
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hazards associated with it. They remain at one-atmosphere of pressure throughout the 


dive, separated from the environment by a rigid hull with articulated arms and legs. 


The pilots control the movement of the suit by pedals in the feet of the suit that 
controls four back-mounted thrusters. In the HARDSUIT, by pressing up or down on 
the right foot pedal, pilots control the horizontal motion of the suit. By pressing up or 
down on the left foot pedal they control the vertical motion of the suit. And by pressing 
on the instep or outstep of the right pedal you can spin around the vertical axis of the 
suit. The WASP operates similarly by pedals, but its pedals are segmented with a small 
non-functioning footrest at the center of the pedal that permits the support of the diver’s 


own weight. 


Jim English, of Hardsuits, says, that “it takes a diver approximately 20 hours of 
training in the suits to become comfortable with the controls and manipulators” and 
many more to become proficient. In fact, experienced pilots may even have the finesse 
to retrieve quarters from the bottom of a test tank with their manipulators. The specially 
designed manipulators allow the pilots to operate most underwater tools, with little or no 


pre-engineering. 


Dr. Phil Nuytten envisions a day when anyone that can afford one will have an 
atmospheric diving suit in their closet and will dive the deeps just as the trained 
operators in the offshore industry do today. The complexity of the ADS makes it 
difficult to imagine, but Dr. Nuytten is currently working on a 300ft swim-able version 
called the EXOSUIT. Due out next year, the dexterity of the EXOSUIT, according to 
Dr. Nuytten, will be such that average-build users could propel it through the water with 


their own arms and legs vice a thruster package. 


Future of Atmospheric Diving Suits 
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Trend toward deepwater operations 


The industry is pushing to develop reserves in deeper and deeper waters. According 
to The World Deepwater Report 2000-2004 prior to 1960, 200 feet was the maximum 
water depth from which oil and gas was produced, by 1990 this had passed 2000 feet and 
by 2004 the maximum depth 1s expected to be over 7000 feet. In fact, according to a 
Stolt Offshore Press Release, Petrobras broke a world record in September 1999 by 
successfully drilling a well in the world's deepest water. The record breaking well, RJS 
540, 1s located in a water depth of 8543 feet in the Campos Basin. Additionally, as 
reported in Underwater Magazine, the average depth for subsea wells up to 1999 was 
600 feet, a number that could surpass 3000 feet over the next 10 years (Underwater, 


Sept. 2000). 


Moreover, according to a study released at one of the world's foremost events for the 
development of offshore resources, the 2000 Offshore Technology Conference In 
Houston, oil companies will increase their spending on deep-water drilling by as much 
as 85 percent over the next five years (Associated Press, May 2000). Likewise, 
Underwater Magazine also reports, the numbers of subsea wells coming on line are 
expected to double from their 1999 peak by 2003, virtually quadrupling the installation 
rate since 1994 (Underwater, May 2000). 


Even the term, deep-water, has taken on a new meaning as companies drill in deeper 
and deeper waters. Haliburton Subsea’s deepwater group defines it as water depths 
greater than 500 meters, or 1640 feet. Oceaneering uses the term to mean water depths 
greater than 3000 feet. While 1000 ft was considered the deepwater standard for many 
years, the definition varies from company to company and industry-wide numbers as 
diverse as 1000 to 4000 feet are used (Underwater, March 2000). As the industry 


evolves will there even be need for further classification — ultra-deep water? 
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These factors, coupled with the high productivity of many of these deepwater fields 
are generating a frenzy for deeper developments. It was a similar progression to the 
“deepwater” of the ‘60s that served to renew a lagging interest in the Atmospheric 
diving suit, the result was the redesign of Joseph Peress’ Tritonia — the product of which 


was the JIM suit and its future offspring. 


Is today’s deepwater push generating the same interest in the ADS as 


yesterday 's? 


With the alternatives available to the offshore industry it won't likely result in 
revolutionary ADS technology, but it is likely to influence engineering decision-making. 
The Hardsuit 2000, currently used primarily by the Navy, has already been tested to 
3000 FSW to Lloyds and ABS standards at Carderock Naval Surface Warfare Center in 
Maryland. “We think we can go to 3000 FSW without any redesign, whatsoever, and in 
fact they have been tested to that in a chamber, and theoretically we believe we can go as 
deep as 5000 FSW” says John Halwachs of Hardsuits, Inc. It was admitted that it would 
require a major redesign of the joints; and considering the engineering involved this is 
undoubtedly no small task. Atmospheric diving suits have already completed pipeline 
repairs in depths of greater than 2000 feet (Norman, 2000). The pipeline repair, 
completed at 2000 feet, was made to an 8-inch gas pipeline connecting a well in Mariner 
Energy’s Pluto field to a platform 29 miles away. If the ADS, and specifically the joints, 
can be engineered to go deeper while still maintaining limb flexibility, there 1s no greater 
difficulty or risk of life at 5,000 ft as there is in 2,000 feet. Industry demand may 
ultimately decide the fate of the ADS, but it doesn't appear that their will ever be another 
100 year gap in ADS technology. Likewise, with the French, U.S. and Italian Navies all 
owning ADSs, the technology seems to be well engrained into the Deep Submergence 


Rescue programs. 
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Next Generation 
HARDSUIT 2000 


More correctly ‘present generation’, the HARDSUIT 2000, already ocean-tested and 
fresh from a submarine rescue exercise in Singapore, is the latest development by 
Hardsuits International. Developed at the figure 22: HARDSUIT 2000 (Courtesy of 
request of the U.S. Navy, the HARDSUIT Haydauits Inearmorated); 

2000 is a forged aluminum 610 meter 
version of the shallower suits, designed to 
the Navy’s stringent requirements. The 
U.S. Navy has taken delivery of one suit 
and three more are on order. The 
HARDSUIT has also been an integral part 
of both the French and Italian Navy 


Submarine Rescue Programs since 1993. 


Additionally, Hardsuits is exploring 
other avenues to update their ADS. Jim 
Halwachs, Hardsuits Engineer says that 
Hardsuits Inc. is currently doing prototype 
testing of Electric Ring Propulsors (ERP) 
such as those seen on the Quest ROV from 


ALSTOM Automation Schilling Robotics. 





Some of the obvious advantages of the ERP 
are less moving parts and therefore less wear and maintenance. The disadvantage is the 
initial cost, but 1f proven to be a reliable alternative to the standard motor-driven 


propeller, their could well be a long term cost savings. Likewise, various inspection 





^^ A ' Ol 
: 
X mE b x 
ala chou er SI oR 


5 
k 
ch i 


n pgi! len” gong Wi ېوس‎ VO» rs DN d 1 
eee se AE 
bonm ped A. IAN ih gan obs ui 3 anys 

| | dre EA mûman Lov 0 Q 06 

WI E له" وې‎ ¿ñ Wy ; 


ü 





wt f Alii "uada (CUu & 


' u 
; CD Gr 76 AIN: E VS «ei mE 6 
wir = Mi e 77 ey) di 


" 

B 
, TA هته‎ ۱٧ po gm ar can 57 
acil) Me! wan wur Tod RR 


° 
l° d “de 40 


1 TAIMG 





pou trae 
wy li 


on 













34 


packages, such as cathodic protection inspection packages, are being added to their ADS 


to broaden their usefulness. 
WASP® 3 


The next generation WASP, of which two are expected to be produced in 2001, will 
be the first major update to the Oceaneering-owned atmospheric diving suit since the 
WASP was introduced. According to Eric Hammans, Oceaneering Project Manager, the 
new WASP will have three times more powerful thrusters, longer life support, updated 
atmospheric monitoring system, lateral thrust capability, two onboard camera systems, 
enhanced thruster control and fiber optic data transmission. Additionally, it will have 
and a updated and redesigned control room with computer readouts of all the essential 
functions. Departing from their traditional yellow WASP, the WASP® 3 will be an 


orange, 2500 feet version of the current WASP. The new thruster system will also be 


vectored in such a way to allow movement in Figure 23: EXOSUIT, prototype atmospheric 
diving suit. (Courtesy of Nuytco Research Ltd.) 


the lateral direction, a feature not common on 


most atmospheric diving suits. 


EXOSUIT 


Dr. Phil Nuytten, inventor of the 
NEWTSUIT and considered by many as a 
pioneer in the atmospheric diving suit 
industry, has introduced what may be the 
future of atmospheric diving suits. The 
EXOSUIT promises to be a swimmable and 
non-tethered one-atmosphere diving suit. A 


full-scale mock-up at this year’s Underwater 





Intervention conference in Houston resembled 
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the stuff only seen in science fiction movies. But this 1s not science fiction, Phil Nuytten 
has delivered before. When confronted with skepticism Dr. Nuytten commented “the 
same things were said about the NEWTSUIT before it went into production as I’ve 


heard about the EXOSUIT”. 


The two standout-features as underlined above are swimmable and non-tethered. 
Current atmospheric diving suits in. use today are too heavy to facilitate manually 
propelling them, with the exception of walking, from one location to another. The 
EXOSUIT 1s expected to be light and flexible enough to allow just that. With 22 highly 
mobile rotary joints, Bob Evans designed swim fins, and an estimated final weight of 
160 Ibs. in air (minus the operator), its pilot may well be able to swim from site to site. 
The EXOSUIT will have a 48-hour life support and the latest in underwater 
communications. Non-tethered is, of course, sure to bother the most die-hard 
commercial divers, who have come to depend on the tether as a lifeline and for 


everything from compressed air to communications. 
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CHAPTER IV 


METHODS OF UNDERWATER INTERVENTION 


Diving Systems 


Atr Diving Systems 


Self Contained Underwater Breathing Apparatus (SCUBA) 


The first workable, open-circuit demand- 
type self-contained underwater breathing 
apparatus, more commonly known as 
SCUBA, was developed in the 1940’s by 
Jacque-Y ves Cousteau and Emil Gagnan. The 
freedom SCUBA brought to the world at that 
time led to the development of diving as a 
sport. SCUBA affords the diver unparalleled 
mobility, freedom of movement and dexterity 
but is limited to very shallow depths. The 
generally accepted maximum for air diving 1s 
130 FSW due to the limited breathing gas 
supply (Nuckols, 1996). 


Surface Supplied Diving 





Figure 24: Scuba Diver (Courtesy of National 
Undersea Research Program) 


N 


Surface-supplied air divers usually have an unlimited source of air, supplied through 


an umbilical connected to the surface. As compared to SCUBA, the umbilical allows a 
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prolonged stay at the bottom, but also limits the upward/downward excursion distance 
and range around the dive site. Surface-supplied divers are limited to depths less than 


190 feet due to the increasingly narcotic effect of nitrogen at greater pressures. 


Mixed Gas Diving 
Figure 25: Mixed gas Diver, decompressing from Mixed gas systems are meant to 
a dive to 190ft (Courtesy of National Undersea 


Research Program) eliminate or reduce the physiological effects 





that are involved with standard air, by using 
specific mixtures of nitrogen and oxygen 
(nitrox), helium and oxygen (heliox) or 
oxygen-helium-nitrogen (trımıx). Mixed 
gas systems are capable of much greater 
depths, up to 350 feet for certain mixtures, 
but suffer some of the same limitations as 
surface-supplied air diving due to the umbilical connection between the surface and 


diver. 


Saturation Diving 


The principle of saturation. diving was Figure 26: Saturation System (Courtesy of 
Oceaneering, Morgan City, LA). 


advanced by Capt. George Bond, MC, US 
Navy and the Sealab Program. By completely 
“saturating” the divers bodies with gas at depth 
and allowing them to remain at depth 
throughout the mission (Mayberry, 2000). 


With the use of transfer capsules and 





decompression chambers divers could avoid 
accumulating decompression times and only decompress once at the end of the dive. 


Divers could remain under pressure for days, even weeks, before completing the 
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mission. The divers are transported at pressure to the worksite by a personnel transfer 
capsule (PTC), exit the PTC at depth to perform work, and return to the surface via the 
PTC to live in a pressurized deck decompression chamber (DDC) aboard a support 
vessel. This scenario is completed as many times as necessary till the mission is 
complete, when the divers will decompress inside the DDC. The general rule of thumb 
for decompression 1s one day per 100 feet of depth plus one day. Using this rule of 
thumb for the offshore industry's accepted maximum of 1000 feet, each saturation diver 
would require a minimum of 11 days of costly but non-productive decompression time. 
Additionally, to pressurize divers to 1,000 ft it can take as much as 24 hours. Another 
disadvantage of saturation divers is that they have a very limited up and down excursion 


range from their PTC. 


Atmospheric diving suits 


See Chapter III for a description. of the modern atmospheric diving suit, its 


advantages, and disadvantages. 


General Diving 


Good divers in general are highly-trained specialist with sometimes unusual physical 
and psychological characteristics, but the best still can't dive to 2000 feet, spend two to 
four hours on the job, and return to the surface as if it were 20 feet. Additionally, the 
Center for Disease Control and Prevention in Atlanta reported in June of 1998 that 
commercial divers are 40 times more likely to die or have a major accident than any 


other workers are (Hays, 2000). 


Underwater Vehicles 


Manned submersible 
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Most manned submersibles will allow the Figure 27: Nuytco Research Ltd. Deep 
Worker. 


operator to depths not obtainable by any other 
means of manned underwater intervention. This, 
allows the operator to have first hand knowledge 
of the deep environment. The operator, though, is 
still isolated from the environment with the 
exception of his sight. Submersibles are also 
generally large and cumbersome vehicles, 


preventing any useful work in tight or enclosed 





spaces. But they are getting smaller, an example 

is Nuytco’s latest creation the one-man Deep Worker submersible. With a length of 8.25 
feet, beam of 5.3 feet, height of only 4.5 feet, and optional hydraulic manipulators, the 
Deep Worker has the potential to do real work in the sometimes close confines of the 
underwater world. Deep Worker 1s also rated to 2000 feet, has a payload of 250 lbs., can 


travel at 3 knots, and has an onboard life support of 80 hours (Nuytten, 1997). 


Unmanned Underwater Vehicle (UUV) 


Remotely Operated Vehicle (ROV) 

Figure 28: Max Rover ROV (Courtesy of 
Remotely operated vehicles, or ROVs, Nan onal Undersea Kesan pah Dena 

completely eliminate the human risk factor 

underwater, but presents the most isolation 

from the project site and generally requires 


very adept operators to achieve tasks easily 


accomplished by divers. ROVs have evolved 





from simple unreliable “eyeballs” used in 
research and military arenas to useful tools in the offshore oil and gas industry. They 
typically require very little personnel support as compared to other means of underwater 


intervention. Work class ROVs can now operate at depths of up to 10,000 feet and 
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research ROVs have reached the deepest points of the Marianas Trench, at 36,000 feet 
(Westwood, 2000). 


Autonomous Underwater Vehicle (AUV) 


Autonomous underwater vehicles, or AUVs, the Figure 29: NOAA AUV Odyssey being 
deployed (Courtesy of National 


newest method of underwater intervention, are Undersea Research Program). 





essentially robots designed to carry out specifically 
programmed automated tasks, such as deepwater 
seabed survey or oceanographic data collection, 
with little to no real-time communication to the 
surface necessary. The AUV, is a technology that is 
not yet fully mature, but with development over the 
next several years, is poised to make quite an 
impact on the offshore oil and gas industry - to the 
tune of $100 million dollars. That's the figure Shell 
expects to save over the next five-years, with the 
use of the AUV in the exploration and production 
industry (van der Veen, 2000). AUVs currently can conduct little to no real underwater 


intervention and are presently ‘observation’ vehicles, but not in the traditional sense. 


Comparison of Specific Underwater Intervention Methods 


Selection of any work package alternative usually equates to “fitness for purpose’, or 
selection of the most fit solution, logistically, economically, and operationally to meet 
the purpose at hand, i.e. the demands of the mission. Table 1 is an economic and 
capabilities comparison of Saturation Diving, ROVs and atmospheric diving suits based 


on a recent cost study done by Hardsuits International. 
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Table I: Cost and capability comparison of portable saturation system, remotely operated vehicle, and 


atmospheric diving suit for a 24 hour opcration/1000 feet dive (Courtesy of Hardsuits International). 


SATURATION SYSTEM, ROV, ADS COMPARISON 
(1000 feet — 24 hour operations) 


SPECIFICATIONS/COSTS SATURATION 
Depth Rating 300 — 1000 feet 0,000 feet 0 to 1200 feet 







| 
$4,200,000.00 


Daily Personnel Charge Crew of 22 @ Crew of 06 (| Crew of 12 @ 
$12,840.00 $4,650.00 $6156.00 


Total Daily Cost - less Desat 
ISA A 


AA AAA NENNEN 
CAPABILITY/LIMITATIONS | = | 


Human Risk Factor 
Limited by position of | Limited by size of | Limited to 1800 ft 
bell & umbilical, 150 ft | vehicle & tether, | of tether 
660 ft 

Camera, Hardwire | Camera Camera, digital 
Work Site Fecdback communications communications, 

through helium through water 
unscrambler communications 
Human eye, camera, | Camera, sonar, and | Human eye, camera, 
compass, and touch compass sonar, compass, and 
limited touch 
Unlimited Unlimited 





















Structurc/Task Access 



































Visibility/ Sensors 





Limited to upward and 
downward saturation 
excursion tables 
Very adaptable, within 





Depth Excursions 














Task dependent Very adaptable 





Unscheduled Tasks depth excursion table 





limits 










Tooling Normal hand and power | Special purpose | Amended hand and 





tools tooling power tools 





Notes: (1) ADS values are based on data from Hardsuits International, but for comparative purposes is applicable 
to Oceaneering’s WASP. 
(2) Based on the HARDSUIT 1200. The WASP is rated to 700 meters and the commercial version of the U.S. 
Navy's HARDSUIT 2000, to be designated the HARDSUIT 2500, is rated to 760 meters (2500 FSW). 
(3) Two ADSs and two Launch and Recovery Systems are deployed on each job; one is in standby while the 


other is at work. 
(4) Desat crew and equipment @ 22,660.00 per day for 11 days of decompression. 
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From Table 1, it’s not readily apparent which system will best suit the task at hand, 
but it can serve as a decision making tool when weighing the cost and capabilities 


against the mission requirements. 


Operational Factors Affecting Intervention Modes 


Table 2, on the following page, lists some operational concerns that should be 
answered when selecting a method of underwater intervention. In most cases the same 
factors involved in pre-project planning for any job relate as well to the selection of an 
underwater intervention method. The list is not meant to be all-inclusive and every job 


may be unique in its requirements. 
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Table 2: Considerations in the selection of underwater intervention methods. 





What is the maximum depth at the work-site? 
Are large excursions necessary up and down the water column? 


Depth(s) 
If the water depth is within diving range then either ROV, ADS or ambient diver may be acceptable. 





Is there an inherent risk to life or property? 
Can the risks be reduced with safety factors, prc-engineering, or redundancy? 


Manned intervention, whether ADS or diver, especially requires a great deal of emphasis on safety. 
Property can be replaced, people can't. 


Does the task require fine or gross manipulation of tools or devices? 


Is it an observation only task? 

Type of task ROVs are well suited to observation-only tasks, especially of long duration, but separate the human 
brain, eyes and hand from the work-site. Divers can obviously provide the most dexterity on site, 
ADS next, and RO Vs last. 















Are large applications of forces required? 
Does the work site have good accessibility? 

Divers and ADSs are very limited in physical payload, but can usually access tighter spaces than the 
ROV and still accomplish real work. 


7 ! Does the mission require long stay times at the work-site with little opportunity for mission breaks? 
Mission Duration x : : ; > 
With no physiological restraints the ROV generally has a longer stay time. 
Are your operators experienced at the particular task? 


Operator experience at the task may play a significant factor in selecting the intervention method. In 
other words, a very experienced ROV operator with specific experience at the task at hand may be 
able to complete it faster than an ADS operator with limited experience. When common sense 
usually dictates that the ADS will be faster than the ROV. Note that many shortcomings in 
experience may be overcome with pre-dive training. 





Task Difficulty 















Operator Experience 


As previously stated, generally the diver is the most time-efficient means to complete most tasks, 
secondly the ADS, and thirdly the ROV. 


A significant cost can be incurred just in terms of time and at the current price of oil a barrel at about 
$30.00 (OPEC Monthly Oil Market Report, July 2000), with often many thousands of barrels per 
hour at stake till a repair job is completed, hundreds of thousands of dollars in capital is at risk. 


Mobilization and demobilization time certainly adds to cost and can additionally delay a short-fused 
requirement. 


Mobilization/ 
Demobilization Time 


Back up: Most ADS opcrators require a back up ADS for safety. 

Method Engineering: If the selected intervention method cannot perform the specific task, can the 
Special Considerations task be tailored so that it may be done by the selected system? Will the selection of intervention 

require specially designed tools or operating devices to complete the job? ROVs have a very limited 

ability to improvise, thus pre-engineering of methods and tools become very critical. 
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As with jobs above the water line, irrelevant of which ‘tool’ or method is selected to 
complete the job, an accurate description of the task and some good pre-job planning 


will significantly factor in the success of the project (Peterson, 1998). 


Proposal for a comparison of underwater intervention methods 


In order to completely compare underwater intervention methods a series of 
experiments could be devised such that each individual method of underwater 
intervention 1s required to perform the same task at the same depth. The task would be a 
dexterity task that can be accomplished by all methods of underwater intervention and 


the task depth would be constrained to the most depth-limited method, 1.e. Scuba. 
Since, most other elements of time-cost are fixed, the dexterity task would give a 
relative efficiency of each method for a like task. Elements compared that are not 


directly related to the dexterity task should be: 


Mobilization Time 


e Preparation Time, or variable mobilization time, in units of time per foot of 
depth, this is especially important in saturation diving where divers are 


compressed to depth prior to diving. 


e Time to get from the surface to the underwater worksite, in minutes per foot 


of depth. 


e Time to complete the job. An “efficiency factor” could then be generated for 


each underwater intervention method. 


e Time to return to surface, in minutes per foot of depth. 
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e Surface decompression (and/or post-dive operations) 


e Demobilization Tıme, fixed and variable 


It is of course obvious that some real world tasks are not performable by some 
methods of underwater intervention, nor is it practical to use every method that could 
perform some tasks. Additionally, a specific dexterity task may not equate well to other 
underwater task. For instance there may be a specific task performed more easily by the 
ADS than the ROV, but other tasks where the reverse is true. But for most underwater 
tasks the completion time would likely relate very closely to the dexterity of the 


intervention device itself. 
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CHAPTER V 


ROLE OF ATMOSPHERIC DIVING SUITS IN THE NAVIES 


U.S. Navy — Deep Submergence Rescue 


JIM 


The U.S. Navy first researched the atmospheric diving suit in the 1970’s. Under a 
joint trial the Royal Navy’s Physiological Laboratory and U.S. Navy’s Medical Research 
Center both conducted tests on the newly developed JIM suit and shared their 
information (Carter, 1976). The tests were conducted over a two-week period in June 
1975 at the Navy Experimental Dive Unit in Panama City, FL. JIM was determined to 
be a viable underwater tool, but ultimately the Navy decided against employing the JIM 
suit on the basis it could not be certified to Navy standards. This was due to the inability 


to ensure integrity of its non-metallic composite hull over a given system life. 


NEWTSUIT 


Following the JIM suit, the U.S. Navy’s Coastal Systems Station (CSS) in Panama 
City, FL in the early 1990’s evaluated the NEWTSUIT. It was determined the 
NEWTSUIT had good operational capability, but again their were problems with the 
cast aluminum hull satisfying Navy certification standards to the desired operating 
depths. At the request of CSS, Hardsuits Inc. replaced the cast aluminum hull with 


higher strength forged aluminum resulting in the HARDSUIT. 
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HARDSUIT 2000 
Figure 30: Engineer inspecting HARDSUIT The latest addition to the Navy’s suite of 
2000 at Navy Experimental Dive Unit (US 4 ; 
Navy Photo) Submarine Rescue equipment is the 





HARDSUIT 2000 (Figure 30). The 
HARDSUIT 2000 can dive as deep as 2000 
feet for many hours without any of the 
physiological hazards of depth, such as the 
"bends" or nitrogen narcosis. Developed by 
Hardsuits Incorporated (Vancouver, British 


Columbia, Canada) at the request of the Navy, 


Figure 31: DSRV 2 Avalon is lowered down onto the 
top of USS Greeneville (SSN 772) for a submarine 
rescue exercise (US Navy Photo). 


the HARDSUIT 2000 is currently 
undergoing picr-side testing with the Deep 
Submergence Unit’s (DSU) Diving System 
Support Detachment (DSSD). The suit is 
expected to complete open ocean dives in 


time for an international exercise in the fall 


of 2000. 


The DSU also operates the US NIS 





Deep “Submergence — Rescue “Velnicles 


(DSRV), as seen in Figure 30. The Mystic (DSRV-1) and Avalon (DSRV-2), were 
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completed in 1971/1972. They have a max Figure 32: Submarine rescue chamber being 
lowered from a reseue ship (US Navy Photo). 


3 "EE 
۱ 





rescue depth of 2000 feet, hence the 
relationship with the HARDSUIT 2000. The 





Avalon was decommissioned in August 2000, 
reducing the Navy’s DSRV fleet to one 
(McMichael, 2000). Coincidentally, much to 
the chagrin of submarine rescue advocates, 
this occurred soon after the Russian submarine 


Kursk’s accident. 


The basic Figure 33: Concept of operations scenario with DSRV, ADS and Vessel of 
Opportunity. (Courtesy of US Navy). 

concept of 
operation IS 
similar to that of 
the divers 
involved m the 
rescue of the V 
USS Squalus | * | = 
(SS-192) in AY ! — 
[195 Once a 
disabled 
submarine (DISSUB) has been located, the HARDSUIT 2000 could be deployed to the 


> 
0 





site withm hours and begin conducting an initial survey of the submarine while 
providing the rescue team with video, sonar and personal observations (Sadorf, 1999). 
The primary task of the HARDSUIT 2000 would be to clear debris from the submarine 
hatch, remove the hatch fairing and connect the down-haul cable from the submarine 
rescue chamber (SRC), a successor to the McCann Rescue Bell, to the submarines hatch. 
The opposite end of the cable 1s fed to a winch in the lower compartment of the SRC. 


The slightly positively buoyant SRC will then winch itself down to the DISSUB hatch. 
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After the SRC is drawn tight to the DISSUB by the winch, the lower compartment of the 
SRC is pumped dry and reduced in pressure to produce a watertight seal around the 
hatch. The SRC would then be able to transport six submariners to the surface at a time 
by paying out the winch cable till the SRC has reached the surface. The SRC, a light- 
weight four point mooring system, a 300-HP rigid-hull inflatable boat, and all support 
equipment could easily be loaded onto a C-5 cargo plane at North Island Naval Air 
Station San Diego, CA, and transported anywhere in the world within 48 hours. 
Additionally, the HARDSUIT 2000 could be used to deliver emergency supply pods and 
assist locking them into the sub. Emergency supply pods would contain life-sustaining 
consumables, such as food, medicines, and carbon dioxide absorbent, to be used by the 
confined submariners. Following these primary tasks, the HARDSUIT 2000 could 
continue to provide support and observations on-site to further assist the rescue efforts. 
Secondary missions for the HARDSUIT include salvage and deep-ocean recovery. 
Currently the Navy has taken delivery of one HARDSUIT 2000 and its accompanying 
launch and recovery system (LARS) and is awaiting three more units and an additional 


LARS following satisfactory certification of the first suit. 


Much like the submarine community would conduct sea trials of new submarines, 
CDR Kurt Sadorf of DSU, North Island says, “the DSU is in the initial test phase of the 
HARDSUIT 2000”. DSU has most recently conducted pier-side tests of the HS2000 in 
San Diego. After the shallow-water test the suits were brought up and underwent a 
complete structural integrity check. DSU will also soon be conducting open-water 
testing to the rated depth off the coast of California and plan to participate in a multi- 


national submarine rescue exercise in late September/October off Singapore. 


French Navy 


According to a Hardsuits Inc. activity summary the French Navy has been closely 


involved with the HARDSUIT 1000 since 1992. The French Navy currently has one 





HARDSUIT 1000 in service and a team of five trained 
pilots (Corizeau, 1999). The HARDSUIT will make the 
first on-site damage assessment and may attach air hoses 
capable of replenishing air and depressurizing the 


submarine. 


In case of a French submarine accident, the 
Intervention Sous la Mer Unit (Undersea Intervention 
Unit) in Toulon receives the alert and either the Agueyron, 


a French Navy rescue vessel, or an aircraft would bring in 
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Figure 34: French Navy 
Newtsuit installing submarine air 





the HARDSUIT 1000 team. For such submarine rescue operations, the U.S. could also 
use its DSRVs. These DSRVs can dive down to 2000 feet, can be carried "piggy-back" 


on any U.S., French, and other submarines, attach to a damaged submarine and evacuate 


up to 24 submariners at a time. 


Italian Navy 


The Italian Navy has developed their ADS program over the last seven years and 


currently own three HARDSUIT 1000s. Their suits are used for submarine rescue and 


deep-diving activities including interface to the McCann rescue chamber, air-hose 


attachment, and marine salvage. 
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CHAPTER VI 


DESIGN CONSIDERATIONS OF THE ATMOSPHERIC DIVING SUIT 


Introduction 
Objective 


The objective of this chapter is to design a lightweight low-volume atmospheric 
diving suit capable of reaching depths of 3000 feet and suitable for scientific, industrial 
and military applications. A design depth of 3000 feet was chosen to completely exceed 
all current ADS depth capabilities. The present WASP is rated to 2300 feet with two 
improved versions expected operational in 2001 to be rated to 2500 feet. The 
commercial version of the HARDSUIT 2000, due to the differences in commercial and 


U.S. Navy certification criteria, will be rated to 2500 feet. 


Design Criteria 


The design criteria are that it has to be capable of diving to 3000 feet, with or without 
an umbilical. The suit itself must be lightweight in order to simplify buoyancy 
compensation. It must be capable of a sustained mission time of 12 hours. It must have 
good corrosive characteristics in seawater. It must be low-volume, 1.e. have a low aspect 
ratio, In order to reduce drag. It must be streamlined, as much as feasible, to decrease 
skin-friction drag. Additionally, the suit must have adequate controls to minimize the 
danger to life in an emergency situation. In all cases, where possible, the American 
Bureau of Shipping (ABS) Rules for Building and Classing Underwater Systems and 


Vehicles (1979) is used as a guideline for designing this suit. 
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Pressure Vessel Design 


The pressure vessel itself was designed to accommodate the 5" to 95" percentile 
athletic male and 50" to 95" percentile athletic female based on anthropometric 
measurements obtained from Anthropometric Methods: Designing to Fit the Human 
Body (Roebuck, 1995). Extensions, in the arms and legs, of the pressure vessel may be 
added to accommodate operators outside these ranges. All individual elements of the 
pressure suit were modeled as simple geometric shapes. The arms, legs, torso and feet 
were modeled as hollow cylinders, while the head, shoulders, pelvis, elbows, hands, 
knees and ankles were modeled as hollow spheres or hemispheres as applicable. 
Reviewing the previous pictures of past and current suits it can be observed this is not an 
unrealistic assumption. As important as typical anatomical dimensions of length and 
circumference are in designing the components, dimensions such as the diameter around 
the elbow of the arm when the arm is bent at maximum allowable flexion is also 
significant. This dimension determines the minimum diameter of the elbow joint in 


rotary-jointed atmospheric diving suits (Fonda-Bonardi, 1967). 


General Equations 


Allowable External Pressure for stiffened (or un-stiffened) hollow cylinders is given 


as (Rules for Building and Classing Underwater Systems and Vehicles, 1979): 


ü 2427 ° [Dsi] 
Fo AREAS) 
where £ is Young s modulus, v is Poisson’s ratio, ¢ 1s the shell thickness, Z is the length 


of the cylinder, and R is the mean radius of the shell. 


For the spherical elements, the maximum allowable working pressure, again using 
ABS standards, was based on the lower of Pı and P» determined from the following 


equations: 





> 


o 2 
p-9 psi NNNM E .SDB@ 


0.75 € 2 Bay?) ü v2) [psi] 


where oy is the. Yield strength and C is a factor given from Figure 9.2 of the ABS Rules. 


All components were designed for an external pressure of 1.25 times the rated depth 
of 3000 FSW, or ~1690 psi, per ABS standards for initial hydrostatic testing. 
Additionally, the minimum factor of safety for all components was 2.3, for a nominal 
thickness of 0.3 in. Considering the risk to life, in the event of a catastrophic failure of 
any component, this was deemed an appropriate factor of safety. Most factor of safety's 
were higher, but thicknesses were kept constant at 0.3 in for ease of manufacture and 
assembly. A spreadsheet of all pressure vessel design dimensions and calculations is 


included in Appendix A. 


Joints 


The most significant piece of the engineering puzzle is the design of the joint. The 
component pressure vessels would be joined together by pressure-balanced oil-filled 
rotary Joints, such as on the Hardsuit family of ADSs, or segmented oil-filled ball-and- 
socket types joints, like the WASP joints. The joint design has been neglected in this 


discussion. 


Material Selection 


Titanium was chosen for the pressure suit material for its excellent strength and 
corrosion resistance, and low specific weight. The head hemisphere is to be constructed 
of an optical grade polycarbonate material. According to a U.S. Geological Survey 
publication, Metal Prices in the United States through 1998, raw titanium costs 
approximately 4.5 dollars per pound, as compared to aluminum, which 1s about 0.65 


dollars per pound. Glass reinforced plastic costs are highly variable depending on 
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design and fabrication difficulty. See Appendix B for a look at how the individual suit 


components are assembled. 


Buoyancy 


Suit weight was kept as low as possible to allow flexibility in ballasting for neutral 
buoyancy. Space within the suit would be allowed to add internal ballast without 
adding buoyancy. Two cubic feet of syntactic foam (AM-32) would serve as a means of 
controlling the center of buoyancy and additionally on critical areas as a protective 
‘bumper’ for the suit and finish. In this design (Table 2) a 175-Ib operator would 
require 29 |b of internal ballast to create a slightly positively buoyant suit (+1.0 Ib). 
Therefore, just 2.5 lb of jettisonable ballast (neglecting its buoyancy) would make the 
suit slightly negative. A low negative buoyancy allows the operator to walk along the 
bottom more easily without sinking into the surface. Jettisoning ballast in an emergency 
would give the suit a 1.5-lb upthrust, creating a slow and controlled ascent to the surface. 
Since, the suit is not an expanding volume, the rise-rate remains constant. Experimental 
results by the U.S. Navy indicated typical rise-rates for the JIM suit approached 100 feet 


per minute upon jettisoning its external ballast (Matzen, 1980). 


Normal and Emergency Life Support 


Determination of Metabolic Load 


The rate at which carbon dioxide (V co, ) 18 being produced 1s directly related to the 


oxygen consumption rate (Vo, ) and the respiratory quotient (RQ). From Figure 6, 


moderate work level is 1 //min and RQ 1s 0.9. 


Veo, = Vo,: RQ 
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The metabolic load (71co, ) for the scrubber is defined as the mass generation rate of 


carbon dioxide during the mission, given in pounds of carbon dioxide per hour. This 


metabolic load can be found by multiplying the carbon dioxide generation rate (V co, ) 


by the density of carbon dioxide ( pcg, ) at conditions of 32°F and 1.0 Atm. 


The metabolic load (mco, D. y) for the scrubber is then calculated as such: 


— 


| P ZI 
inco, ! PA 28 23V, Peo, Vp - 69 MIN ie 


Calculation of Breathing Gas Mixture 


Weight of CO» produced during 12 hour (or 84 hour) mission, is simply; 
Weight of CO, — Metabolic Load CO, : Mission Period 

Volume of O» that must be to replaced during a 12 hour (or 84 hour) mission; 
Volume of O, = Weight of O, - density of O, 


Calculation of Pure O2 Supply Container Pressure 


Pressure of the O> supply container may then be found using Boyle’s Law and an 
appropriate safety factor: 


P V, = P, V, 


Calculation of Theoretical Absorption Capacity 
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Chemical formula for lithium hydroxide; 
DOMINE O ENO 
Theoretical absorption capacity of lithium hydroxide, is then; 


Moles CO, Molecular Wt. CO, 


Theoretical Absorption Capacity = ze E 
Moles Absorbent Molecular Wt. Absorbent 


Calculation of Canister size for CO» Scrubber 


Metabolic Load Mission Time 


Mass of LiOH required 2 ——— — T 
Theoretical Absorbtion Capacity Scrubber Efficiency 


Scrubber Efficency (1) = 0.5 to 0.8 


Internal Design Volume: 


Mass of LiOH 


Volume of Canister = 
Density of LiOH 


Environmental Controls 
Dehumidification Requirements 


Moisture produced by breathing gas operations may be calculated as follows: 


Moles H,O Mol Wt H,O 


Water Production Rate = Er و دوه‎ 
Moles CO, Mol Wt CO, 


Water Produced = Water Production Rate : Mission Time 
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Based on the previous calculations a commercially available dehumidification agent, 
such as Damp Rid? may be necessary component of the interior of the suit. Damp Rid® 


can eliminate llb moisture per | lb of agent. 
Heat Transfer Considerations 
Through suit heat transfer 


The rate of heat transfer, in Btu/hr and kW, 1s also given in Table 2. The heat transfer 
coefficient for Titanium is given as approximately 3.83 Btu/hr-ft-F (Beer, 1992). This 
yielded nearly 50kW of heat required to keep the suit at a comfortable level for the 
operator, therefore a thin layer of insulation (0.25”) was added to the inside of the suit. 
Adequate space was allowed during the design process for the installation of insulation if 
necessary. Using a typical value of thermal conductivity for insulation (kins) of 0.02 
Btu/hr-ft-F, the heat transfer was reduced to less than 4 kW of heat transferred. 


Therefore, no additional heating of the suit is necessary. 
Heat transfer caused by CO> Scrubber 


Heat Produced = Theorectical Heat of Absorption -CO, Produced 


8/3 Bin 0251556606 CO; : 201. 25 Blu 


Heat Produced = —————— 
lbm CO, | hr hr 


This was considered an insignificant amount of heat. 


Gas Supply Storage 


Calculations for O2 Pressure vessel 


Wall thickness for pressure vessel: 
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Pressure at depth: 


(Depth +33 DA a < 7 .110% Safety factor 


Design Pressure = 
SURE atm 


If the internal pressure is over twice external pressure as calculated previously, internal 


pressure calculations only are required. 
Cylinder portion: 


Radius of cylinder is assumed to be 6 in, this fits snugly into the backpack. 


Joint efficiency 1s assumed to be 1 for fully radiograph tested butt joints. 


Stress value of material for SA 515 Grade 70 = 17500/b/in? @ - 20 to 650 °F 


Design Pressure: Radius of Cylinder 


Wall thickness = —— A O 
(Material Stress Value - Joint Efficiency ) - (0.6 - Pressure) 


Maximum Allowable Working Pressure Confirmation: 


Stress Value of Material Joint Efficiency - Wall Thickness 


Maxımum Allowable Pressure = | | i 
Radius of Cylinder + (0.6- Thickness of Wall) 


Spherical portion: 
Design Pressure - Radius of Cylinder/S phere 


Wall thickness = — — —Ms Ms 
(2- Material Stress Value - Joint Efficiency ) - (0.2 - Design Pressure) 


Maximum Allowable Working Pressure Confirmation: 
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2- Stress Value of Material - Joint Efficiency - Wall Thickness 


Maximum Allowable Pressure = — 
Radius of Cylinder/S phere + (0.2: Thickness of Wall ) 


Canister Dimensions: 


Height Calculations: 


Internal design volume has been set at 1/4 


Volume of Canister = 2- Volume of Hemisphere ends + Volume of Cylinder 


2i) rh 


. 4 
Volume of Canister - 2 - zo 


Height = E 
DO 


The results of the life support design calculations are given on the following page. 
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Life Support Design Calculations 


Notes: 


Given: 


Solutions: 


Oxygen consumption rate (V o, ) = 1.0 l/min Depth 

Respiratory Quotient (RO) = 0.9 Mission Period 

Temperature = 32.0 degrees F Emergency Period 

Cylinder radius = 5.0 in Volume of supply container 

Joint Efficiency’ = 1.0 Scrubber Efficiency (hy 
Molecular Wt H,O = 18.0 Ibm Material Stress (SA515 Grade 70) 
Molecular Wt CO, = 44.0 Ibm Density of O2 

Molecular Wt LIOH = 23.9 Ibm Safety Factor 

Rco2 = 35.1] ft-Ibf/lb-R Density of LIOH 


Metabolic Load 
CO, production rate C= [| * 09= min 


Density of CO, @ 32F and 1 atm = 0.120581 lb/ft? 
Mctabolic load (m, // ) = 0.230 Ib/hr 
Calculations for Breathing Gas Mixture (84 hour; standard + emergency mission time) 
Weight of CO, = Metabolic Load CO, * Mission Period = 19.33 Ib 
Volume of O, = Weight of O, /density of O, = 220.18 83 
Pressure of the O, Supply Container 
P, - latm V, 71 ft3 Mi= 77702 B 
Pos => P=  3237* 110% = 356025 ~ 3600 psi 


Theoretical Absorption Capacity 
MO O OO TG 
Theoretical Absorption Capacity = 0.92 
CO, Canister Size 


Mass of LiOH required = 42 Ibm LIOH 
Volume of LIOH Canister= 1.5 ft3 


Dehumidification Requirements 
Water Production Rate = 1.13 Ibm H,O (fora 12 hr standard mission time) 


Gas Supply Storage 
Pressure at depth = 1482 psi ~ 1500 psi 


|| 


|| 


Since external pressure is over twice external pressure, internal pressure calculations only are required 


Cylindrical portion: 
Wall thickness = 1.173 in 


Maximum Allowable Pressure confirmation = 3600 psi Û 


Spherical portion: 


Wall thickness = 0.525 in 
Maximum Allowable Pressure confirmation = 3600 psi D 
Dimensions: 


Volume of canister = 2* Volume of Hemispheres + Volume of Cylinder 





Volume of canister = (gar ې‎ => height = Volume of Canister - 2 
3 


height = 8.67 in ~ 91n 


Therefore, overall dimensions of the cylinder arc: height of 19 inches and a radius of 5 Inches. 


|. Oxygen consumption rate for a moderate work level, from Figure 6. 
2. Typical respiratory quotient ranges from 0.7 - 1.0. 

3. Scrubber efficiencies ranges from 0.5 — 0.8. 

4. Joint efficiency for a fully radiographed joint is assumed to be 1.0 
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Escape/Safety 


Since the mechanics of getting in and out of the suit prohibit an escape free-of-the- 
suit, this section looks at ways to make the suit safer in all operations, and in the event of 
an accident to maximize the pilot’s chances of survival, while rescue efforts are 


underway. 


Jettisonable external ballast was added to the suit to make the suit just negatively 
buoyant. In the event of an emergency the ballast could be jettisoned from within the 
suit, making the suit positively buoyant. This ballast could also be designed to jettison 
automatically if the suit dropped below its design working depth. As a last resort, 


specific external packages could also be jettisoned, such as the thruster package. 


Emergency Life Support gas would be accessed by a simple mouthpiece demand 
regulator just forward of the operators face. In event of flooding or other applicable 
emergencies, an operator simply tilts the head forward and breathes through the 
regulator. This eliminates the need for a cumbersome and uncomfortable permanent 
oral-nasal mask attached to the pilot. After 12 hours unless manually overridden the 
emergency gas would automatically flow at 1/4 standard liters per minute, the normal 


oxygen consumption rate for a sedentary person. 


An Acoustic Pinger and Strobe Beacon 1s attached that can be operated by the pilot, 


or in event of unconsciousness self-activates after the normal mission time of 12 hours. 


Operational procedures such as operating the suits only in pairs would provide an 


additional measure of safety. 
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Additional Considerations 


Umbilical design and drag considerations, while beyond the scope of this report, is a 
factor that would have to be further studied. This drag induced by the tether is the main 
reason for the introduction of the tether-management-system in the Remotely Operated 


Vehicle community. 


Communications is a vital necessity for most underwater operations and would need 
to be considered in earnest. Surface-to-suit 2-way communications would be via the 
umbilical. Additionally, for ADSs operating in tandem, suit-to-suit communications 


could be via current through-water communication devices. 


A vertical and horizontal thruster package would be added to the suit about mid- 
waist as part of the backpack structure. This would give the suit a greater mission range 
and allow the pilot more control for mid-water operations. The thrusters are typically 
operated via foot petals, but a joystick operation within the hand spheres could be further 


researched. 


A launching cage is also proposed to reduce the inherent risks with launching the 
ADS from a moving platform in elevated sea states. At a minimal additional cost this 
will particularly protect the vulnerable limbs of the ADS from impact failure, during 
rough seas or in the event the launching system should fail, as evidenced by a recent 


offshore fatal accident in Oceaneering’s WASP. 


Another idea explored conceptually, but not specifically designed in this report is the 
ability to use alternative tether systems or no tether at all. A tether management system 
would allow the ADS to operate over an extended area without suffering the tether- 
induced drag normally associated with such operations. Additionally, a non-tethered 


option may have applications to the military, especially for clandestine operations. 
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Engineering Summary 


Modeling each body component as individual pressure vessels yielded a nominal 
thickness of 0.3 in for all components (excluding the torso, which was 0.6 in thick). 
This resulted in a minimum Safety Factor of 2.31, which was deemed appropriate 
considering the imminent danger in the event of catastrophic failure of the pressure 
vessel. Most components had much greater Safety Factors, but thicknesses were kept 
consistent at 0.3 in for ease of manufacturing and joining. All dimensions are presented 


in Table A-1 of this report. 


Buoyancy of the suit was determined and adjusted to be slightly negatively buoyant 
(1.0 1b.), with the use of syntactic foam bumpers, internal ballast and jettisonable 


external ballast. 


To determine the amount and type of breathing gas needed for a standard and 
emergency mission, an accurate calculation of metabolic load (consumption of oxygen 
and the generation of carbon dioxide) 1s required. Because this suit will maintain 
standard pressure conditions, the focus of the calculations 1s on the amount of oxygen 
consumed and the carbon dioxide produced. Hypoxia (oxygen shortage) and 
hypercapnia (excess carbon dioxide) are avoided by replacing oxygen that 1s consumed 
and removing carbon dioxide that is produced. The amount of carbon dioxide in 
question can be calculated by multiplying the carbon dioxide generation rate by the 
density of carbon dioxide at standard conditions. This rate needs to be evaluated in 


terms of the length of the mission. 


Next the amount of oxygen that will be consumed to produce the carbon is calculated. 
An internally pressurized canister provides the oxygen, while another canister provides 
passive scrubbing (removal) of carbon dioxide. Applying the volume of oxygen 


consumed, calculations for the size container to house the pressurized oxygen are then 
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undertaken. Next using the volume of carbon dioxide produced and the efficiency of 
Hthium hydroxide at removing the carbon dioxide the size container needed for carbon 
dioxide removal is calculated. Finally, to ensure the integrity of our hfe support 
systems, external pressure calculations for the scrubber container and internal pressure 


calculations for the oxygen container are performed. 


The main byproduct of the lithium hydroxide chemical reaction with carbon dioxide 
is the production of water. Secondarily, the reaction will produce heat. After careful 


calculation the heat produced is determined to be insignificant. 


Heat transfer was minimized by the use of 1/4 inch of insulation on the interior of 
each component pressure vessel, this yielded an amount deemed suitable for full mission 
habitability (< 4kW) without any additional heating or cooling. Operators would simply 


dress appropriately, depending on the ambient environment. 


Escape from the suit at depth would be impossible, therefore safety design was 
limited to the minimization of risk of life and the ability to recover the suit in event of 
emergency. Additions such as acoustic pingers, strobe beacons, and jettisonable ballast 
would assist 1n the recovery, and are standard fare on current ADSs. Safety procedures 
such as operating in pairs or limiting operations to water with bottom-depth not greater 
than the rating of the suit would additionally reduce the chance of a casualty. Per ABS 
rules, a 72-hour, in addition to normal mission time, emergency life support supply of 
gas 1s required and 1s standard equipment. Table C-1] is a comparison of this design to 


specific characteristics of existing or proposed atmospheric diving suits. 
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SUMMARY AND CONCLUSIONS 


Summary 


The atmospheric diving suit has evolved from a wooden barrel to an extremely 
complex and useful tool for underwater intervention. The joints have advanced from 
simple fabric seals to complicated yet fail-safe highly-mobile oil-supported rotary or 
segmented ball and socket Joints. Its depth capability has increased steadily from 60 feet 
to close to 3000 feet. And, while the earliest ADSs were invented to salvage gold and 
other treasures from sunken ships, today's ADSs are more likely found supporting the 


offshore oil and gas industry's perpetual search for "black gold". 


The atmospheric diving suit has some distinct advantages over other methods of 
intervention in the deep-sea environment. Most important, of which 1s the ability to put 
the human brain and eyes at the job-site where they are most effective, rather than 
separated by an umbilical and 1000’s of feet of water. But, man 1s still at risk, a factor 


many companies consider when intervention planning. 


Yet, the atmospheric diving suit 1s still evolving, albeit more slowly than in the past. 
Hardsuits has built a deeper suit, Oceaneering's WASP is being updated and will 
additionally add 200 feet of water-depth to it’s capabilities, and the yet to be built 


EXOSUIT promises to be ‘flexible’ enough to allow the operator to swim freely. 


Conclusions 


The oil industry is poised to go deeper and deeper in search of oil. If the atmospheric 
diving suit is to continue to progress deeper, and keep pace, it will likely need the kind 
of industry support that was sought after to develop the JIM suit. The most restrictive 


limitation to going deeper, as has always been the case, is the ability to design a joint 
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that will maintain mobility while maintaining water-tightness. Though with the 
availability of alternative underwater intervention methods, especially those that can go 
deeper and without the risk of human life, no matter how small that risk may be, the 
ADS industry is unlikely to propel themselves deeper without a significant industry 
demand. Instead, ADS firms are more likely to continue to market themselves toward 
other interests, such as international Navies submarine rescue programs. Additionally, 
in the offshore oil and gas industry, they will presumably continue to extend their 
capabilities, within current depth limitations, by adding work packages that will allow 


them to perform a greater variety of tasks. 


The advantages of the ADS are clear, but not always sufficient to warrant placing a 
human at the depths required to complete the job. Yet, the atmospheric diving suit 
seems firmly ingrained in the offshore oil and gas industry and will always be ‘another 
tool in the toolbag’, waiting for the opportunity when all factors point to it as the 
sensible choice for the task at hand. It is unlikely there will ever be another 100 year gap 


in the use of the atmospheric diving suit. 
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APPENDIX A 


Spreadsheet of Atmospheric Diving Suit Calculations 
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Design Drawings of Atmospheric Diving Suit 
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Design Comparison to Existing Atmospheric Diving Suits 
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Table C-1: Design comparison to existing atmospheric diving suits. 


WIDTH WEIGHT 


OVERALL HEIGHT 2 
INSULATION 


DEPTH RATING 
MISSION LIFE SUPPORT 
IN WATER 


EMERGENCY LIFE SUPPORT 
BREATHING GAS 
CERTIFICATION 


IN(cm)| IN(cm) | LBS(k9) 


EIS 
=> 
o 
DR 
لر‎ 
o 


FSW (m) 





PROPOSED ATMOSPHERIC DIVING SUIT DESIGN 


OCEANEERING INTERNATIONAL, INC. 


wasa aoro) e] a ee [a ana] oR 
STOLT OFFSHORE, INC. (HARDSUITS INTERNATIONAL) 

HARDSUIT™1000 1000 (300) Lloyd's 81.2(206) 40(102)| 30(76.2) | 1.030(467) Cast Al 
HARDSUIT™1200 “1200 (365) | 12 s j| اوو |)1.030(467 | )30(76.2 |)40(102 )812206 >= دوسا د‎ 
HARDSUIT™2000_ 2000600) | 12 | 4 ESSEN us Navy 93236 — |48(122)| 3178.7) | 1.160(526)|- ` Forged Al 
HARDSUIT™2500 5 2500 (760) | 12 9, | Under Construction 93(236) 48(122)| 31(78.7) |1.160(526) Forged Al 
SILVERCREST SUBMARINES 


SPIDER ADS 20006600) | 2 | Z 10 [reci | aa [el TTT ee TT 


NUYTCO RESEARCH LTD. 


EXOSUIT® mono | هق‎ 6, _] PrePescien [rosa [sore] [ra] Tcomposierwer] 1 

















Definitions & Notes: 
FSW - Feet of Sea Water 
GRP - Glass Reinforced Plastic 
Information sources: Oceaneering, Stolt Offshore, Silvercrest Submarines, Nuytco Research Ltd, U.S. Navy. 
HARDSUIT overal! height can be adjusted by extension rings in the legs to accommodate pilot sizing. 
Dimensions are approximate and do not account for joint sizing or external equipment. 


Does not include any peripheral equipment such as cameras, sonar, lights, etc. 


The commercially available version of the HARDSUIT 2000 will be certified to 2500 feet (760 meters). 


The EXOSUIT is in pre-production stage/beta test. Specifications are preliminary and subject to change. 
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